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GLOSSARY 
This section of the thesis provides definitions and descriptions of the primary 
medical and engineering related terms used in the narrative.  
• Abdominal aortic aneurysm (AAA): an enlargement of the aorta, the main 
blood vessel that delivers blood to the body, at the level of the abdomen. 
• Anastomosis: a connection made surgically between adjacent blood 
vessels, parts of the intestine, or other channels of the body, or the operation 
in which this is constructed. 
• Aneurysm: an excessive localized enlargement of an artery caused by a 
weakening of the artery wall. 
• Angina: a condition marked by severe pain in the chest, often also 
spreading to the shoulders, arms, and neck, caused by an inadequate blood 
supply to the heart. 
• Angioplasty: surgical repair or unblocking of a blood vessel, especially a 
coronary artery. 
• Anterior: nearer the front, especially situated in the front of the body or 
nearer to the head. 
• Aorta: the main artery of the body, supplying oxygenated blood to the 
circulatory system. In humans, it passes over the heart from the left ventricle 
and runs down in front of the backbone. 
• Arteriole: a small branch of an artery leading into capillaries. 
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• Artery: any of the muscular-walled tubes forming part of the circulation 
system by which blood (mainly that which has been oxygenated) is 
conveyed from the heart to all parts of the body. 
• Atherosclerosis: fatty deposits in the inner layer of the arteries. 
• Atrium: each of the two upper cavities of the heart from which blood is 
passed to the ventricles. The right atrium receives deoxygenated blood from 
the veins of the body; the left atrium receives oxygenated blood from the 
pulmonary vein. 
• Bifurcation: the division of something into two branches or parts. 
• Capillary: any of the fine branching blood vessels that form a network 
between the arterioles and veinule. 
• Catheter: a flexible tube inserted through a narrow opening into a body 
cavity, particularly the bladder, for removing fluid. 
• Cholesterol: a steroid alcohol present in animal cells and body fluids that 
regulates membrane fluidity; act a constituent of LDL; may cause 
arteriosclerosis. 
• Circumflex: bending around something else; curved. 
• Compliance: the property of a material of undergoing elastic deformation 
or change in volume when subjected to an applied force. It is equal to the 
reciprocal of stiffness. 
• Computational Fluid Dynamics (CFD):  is a branch of fluid 
mechanics that uses numerical analysis and data structures to solve and 
analyze problems that involve fluid flows. 
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• Computational Tomography (CT): a diagnostic imaging test used to 
create detailed images of internal organs, bones, soft tissue and blood 
vessels.  
• Coronary: relating to or denoting the arteries that surround and supply the 
heart. 
• Coronary Bypass: is a type of surgery that improves blood flow to the 
heart. 
• Dean Number: is a dimensionless group in fluid mechanics, which occurs 
in the study of flow in curved pipes and channels. 
• Diastole: the phase of the heartbeat when the heart muscle relaxes and 
allows the chambers to fill with blood. 
• Distal: situated away from the center of the body or from the point of 
attachment. 
• End Stage Renal Disease: End stage renal disease (ESRD) is the 
last stage (stage five) of chronic kidney disease. 
• Endothelial:  is a systemic pathological state of the endothelium (the inner 
lining of blood vessels) and can be broadly defined as an imbalance between 
vasodilating and vasoconstriction substances produced by (or acting on) 
the endothelium. 
• Endovascular: surgery is an innovative, less invasive procedure used to 
treat problems affecting the blood vessels. 
• Entrance Length: is the distance a flow travels after entering a pipe before 
the flow becomes fully developed. 
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• Epicardia Echocardiography: is a diagnostic test that uses ultrasound 
waves to create an image of the heart muscle. 
• Hemodynamics:  is an important part of cardiovascular physiology dealing 
with the forces the pump (the heart) must develop to circulate blood through 
the cardiovascular system. 
• Hypertension: abnormally high blood pressure. 
• Impedance Boundary Condition: provides a useful means of treating the 
problem of scattering by a material object and rough surfaces. 
• In vitro:  performed or taking place in a test tube, culture dish, or elsewhere 
outside a living organism. 
• In vivo: performed or taking place in a living organism. 
• Intravascular: situated or occurring within a vessel or vessels of an animal 
or plant, especially within a blood vessel or blood vascular system. 
• Kinematic Viscosity: is the ratio of dynamic viscosity to density 
• Dynamic Viscosity: known as absolute viscosity is the measurement of the 
fluid's internal resistance to flow  
• Left Anterior Descending: anterior inter-ventricular branch of the left 
coronary artery. 
• Left Main Stem: is an artery that arises from the aorta above the left cusp 
of the aortic valve and feeds blood to the left side of the heart. 
• Lesion: a region in an organ or tissue that has suffered damage through 
injury or disease, such as a wound. 
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• Lumen: is the inside space of a tubular structure, such as an artery or 
intestine. 
• Lymph: a colorless fluid containing white blood cells that bathes the tissues 
and drains through the lymphatic system into the blood stream.  
• Macro: a single instruction that expands automatically into a set of 
instructions to perform a task. 
• Macrophage: a large phagocytic cell found in stationary form in the tissues 
or as a mobile white blood cell, especially at sites of infection. 
• Magnetic Resonance Imaging (MRI): a form of medical imaging that 
measures the response of the atomic nuclei of body tissues to high-
frequency radio waves when placed in a strong magnetic field, and that 
produces images of the internal organs. 
• Myocardium: the muscular tissue of the heart. 
• Newtonian Fluid: is a fluid in which the viscous stresses arising from its 
flow, at every point, are linearly proportional to the local strain rate—the 
rate of change of its deformation over time. 
• Non-Newtonian Fluid: is a fluid that does not follow Newton's Law of 
Viscosity. Most commonly, the viscosity (the measure of a fluid's ability to 
resist gradual deformation by shear or tensile stresses) of non-Newtonian 
fluids is dependent on shear rate or shear rate history. 
• Oscillating Shear Index (OSI): is a measure which allows quantifying the 
change in direction 
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• Peripheral Artery Disease (PAD):  is a common circulatory problem in 
which narrows the arteries and reduce blood flow to your limbs 
• Physiological: relating to the branch of biology that deals with the normal 
functions of living organisms and their parts. 
• Plaque:  an atherosclerotic combination of cholesterol, fat, calcium, and 
other substances in the blood. 
• Post mortem: an examination of a dead body to determine the cause of 
death. 
• Proximal: situated nearer to the center of the body or the point of 
attachment. 
• Pulsatile: pulsating; relating to pulsation. 
• Relative Residence Time (RRT): the average amount of time that a 
particle spends in a system. 
• Restenosis: is the recurrence of stenosis, a narrowing of a blood vessel, 
leading to restricted blood flow. 
• Reynolds number: the ratio of inertial forces to viscous forces. 
• Shear Thinning Fluid: is the non-Newtonian behavior of fluids whose 
viscosity decreases under shear strain. Examples ketchup, latex paints 
and blood. 
• Stenosis: the abnormal narrowing of a passage in the body. 
• Stent Graft: a minimally invasive procedure. A stent graft (such as the 
abdominal stent graft) is placed inside the aneurysm without surgically 
opening the tissue surrounding 
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• Stroke: a sudden change in the blood supply to a part of the brain, 
sometimes causing a loss of the ability to move parts of the body. 
• Systolic: is specifically the maximum arterial pressure during contraction 
of the left ventricle of the heart. 
• Time Average Wall Shear Stress (TAWSS):  arises from the force vector 
component parallel to the cross section. 
• Vasodilatory:  refers to the widening of blood vessels. 
• Veinule: a small vein. 
• Ventricle: a hollow part or cavity organ in each chamber of the heart or 
fluid cavity in the center of the brain. 
• Viscosity: a quantity expressing the magnitude of internal friction. 
• Wall Pressure (WP): quantifies the pressure exerted on the walls of the 
vessels. 
• Wall Pressure Gradient (WPG): quantifies the pressure exerted on the 
walls of the vessels in the three directions (x, y and z) 
• Wall Shear Stress Spatial Gradient (WSSG): gives the endothelial cell 
reaction to the wall of the artery. 
• Wall Shear Stress Temporal Gradient (WSST):  refers to the degree of 
recirculation flow. 
• Windkessel Effect: used to account for the shape of the arterial blood 
pressure waveform in terms of the interaction between the stroke volume 
and the compliance of the aorta and large elastic arteries. 
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NOMENCLATURE 
fx x-component of body force per unit mass acting on the fluid (N/kg) 
fy y-component of body force per unit mass acting on the fluid (N/kg) 
fz z-component of body force per unit mass acting on the fluid (N/kg) 
g gravitational acceleration (m/s2) 
g gravitational vector (m/s2) 
m mass of the particle (kg) 
p pressure (Pa) 
Re particle Reynolds number (dimensionless) 
t time (s) 
u x-component of velocity (m/s) 
v y-component of velocity (m/s) 
V fluid velocity (m/s) 
?⃗⃗?  velocity vector field in Cartesian space (m/s) 
w z-component of velocity (m/s) 
ρ density of the continuous phase (kg/m3) 
∇ ∙?⃗⃗?  divergence of the velocity (m/s) 
μ dynamic viscosity (Pa∙s) 
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ABSTRACT 
ASSESSING THE NEAR-WALL HEMODYNAMICS IN THE LEFT 
CORONARY ARTERY USING CFD 
JOHN JUNIOR ASIRUWA 
2017 
The objective of this thesis is to computationally investigate the flow 
mechanics and the near-wall hemodynamics associated with the different take-off 
angles in the left coronary artery of the human heart.  From this study, we will be 
able to evaluate if the increase in the take-off angles of the left coronary artery will 
significantly increases or decrease the likelihood of plaque (atherosclerosis) 
buildup in the left coronary artery bifurcations.  
This study quantifies the effects of the varying take-off angles on the 
branches along the left anterior descending (LAD) of the left coronary artery using 
computational fluid dynamics (CFD) simulations. The study aims to compare five 
test cases of the different take off-angles of the left coronary artery (LCA) and four 
different branch angles between the LAD and the left circumflex (LCx). It also 
considered the branch angles of the coronary artery downstream the LAD. The 
idealized geometries used for this study were constructed in SolidWorks 2015 and 
imported as surface meshes into Star-CCM+, a commercially available CFD solver. 
In this study, the LCA inlet boundary conditions was set as a pulsatile mass flow 
inlet and flow split ratios were set for the outlets boundary conditions that are 
representations of a middle age man at rest. The nature of blood pulsatile flow 
xx 
 
 
 
characteristic was accounted for and the properties of blood which include the 
density (1,050Kg/m3) and dynamic viscosity (0.0046Pa) were obtained from 
previous research.  
The results from the simulations are compared using established scales for 
the parameters evaluated. The parameters evaluated were: (i) Oscillatory Shear 
Index (OSI); which quantifies the extent in which the blood flow changes direction 
as it flows (ii) Time Average Wall Shear Stress (TAWSS); which quantifies the 
average shear stress experienced by the wall of the artery and (ii) Relative 
Residence Time (RRT); which defined how long blood spends in a location during 
blood flow. These parameters are used to predict the likelihood of blood clots, 
atherosclerosis, endothelial damage, plaque formation, and aneurysm in the blood 
vessels. The data from the simulations were analyzed using functional macros to 
quantify and generate threshold values for the parameters.  
Computational Fluid Dynamics has gain more recognition in field of 
medicine because it has been used to obtain the various mechanic behaviors of most 
artificial implanted devices used for endovascular and cardiovascular treatments 
before these devices are used in patients’ treatment. This can be a useful insight in 
coronary stenting, solid and stress analysis of biodegradable stent and can also 
provide insight into stenting for more complex arterial networks like brain stent 
grafts. In addition, it is important to understand the hemodynamics of the LCA 
before carrying out stent graft or angioplasty procedures. This will help determine 
the effectiveness of the stent graft in the coronary artery.
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CHAPTER  1: INTRODUCTION 
 
1.1. Coronary Artery Disease 
Coronary artery blockage and diseases have been reported to be a leading 
cause of death in the United States. In 2009, the Center for Diseases Control and 
Prevention (CDC) reported that approximately 610,000 people die of heart-related 
disease annually, out of which 370,000 deaths are because of cardiovascular 
diseases. Cardiovascular diseases are referred to conditions that involves narrowed 
or blocked blood vessel in the cardiovascular system. This blockage can result in 
heart attacks, chest pain or stroke. It can also affect the heart muscles and valves 
because there would be increased amount of reversed flow in the coronary artery.  
It is documented by CDC that every year approximately 735,000 Americans have 
a heart attack annually. Of these, 525,000 are the first heart attack and 210,000 are 
second degree victims (happen in people who have already had a heart attack). 
These alarming statistics attributed to Coronary Artery Diseases (CAD) prompted 
the need to conduct research aimed at managing CAD, consequently reducing the 
number of CAD related deaths. Stenosis from atherosclerosis formation, artery 
blockage, ruptured plaques in the blood stream and resulting aneurysm from un-
ruptured plaques in the coronary artery, have been reported to be the primary causes 
of CAD as stated by Shrestha (2010). 
Murray et al., (1997), stated that cardiovascular diseases are expected to be 
the main cause of death globally. His projection was based on the rapid increasing 
prevalence in developing countries and Eastern Europe as well as the rising 
incidence of obesity and diabetics in the western world. Goran et al. (2003), also 
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ascertained that cardiovascular diseases cause 38% of all deaths in North America 
and it is the most common cause of death in Europe in men under 65 years. Based 
on findings documented, the study of coronary artery in its vast complexity will be 
of great importance in treatment and management of coronary artery diseases.   
Peter McCullough (2007) concluded in the study of the coronary artery 
disease that majority of the patients with end stage renal disease (ESRD) have 
anatomic coronary artery disease. In addition, the study noted that, for patients with 
acute coronary syndromes, a targeted approach to understanding the vascular 
hemodynamics is essential. The flow mechanics of blood in the coronary artery is 
essential to determine the likelihood of coronary disease formation. 
Over the years, there have been development in the procedures used to treat 
coronary artery diseases. CAD preventive measures have always been advised by 
the medical communities. Preventive methods like reducing cholesterol intake, 
social lifestyle has been associated to reduced risk of developing coronary artery 
diseases. Treatment methods like open coronary bypass surgeries have been used 
as a technique to manage and treat heart related diseases in people with family 
history and for patients already diagnosed with the conditions. Endovascular 
procedures are currently used to manage heart related diseases. With recent 
advancement in science, more research   focus on minimal invasive method of 
endovascular repair will be have immerse benefit in cardiovascular medicine.  
The minimally invasive techniques are a non-open surgical procedure used 
to treat heart related diseases with the use of delivery systems like catheter or 
delivery balloon to unclog blocked arteries. Stent grafts in endovascular procedures 
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have also been used for treatment of cardiovascular related diseases like abdominal 
aortic aneurysm. Stent grafts are endovascular stenting devices used in minimally 
invasive surgical techniques for treating vascular diseases. The stent graft helps 
reinforce the artery wall and keeps the damaged areas from rupturing. In going 
forward, the next sections will give a brief review on the cardiovascular system and 
its diseases. 
1.2. Cardiovascular System 
The heart is the center of the cardiovascular system. The heart serves as a 
cardiovascular pumping device. The primary function of the heart is to control 
and balance the movement of oxygenated and deoxygenated blood through the 
body. The coronary arteries are the vessels that supplies the heart oxygenated 
blood and nutrients. 
The cardiovascular system also called the circulatory system is made up of 
vessels that carry blood and lymph throughout the body. The arteries and veins 
carry blood throughout the body, delivering oxygen and nutrient to the body 
tissue and extracting waste matter. While the lymph vessels transport lymphatic 
fluids containing water and blood cells. The function of the lymphatic system is 
to protect and maintain the fluid environment of the body.  
The body is made up of approximately five liters of blood that circulate at 
approximately 3feet/sec. From the volume of blood in the body, at every give 
time, the arteries contain approximately 10% of the blood; of the blood from the 
10%, about 4-5% of the blood goes through the coronary arteries. The capillaries 
contain about 5% of the blood and the veins contains about 70%. It is through 
these vessels that blood gets and leaves all parts of the body. These arteries help 
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makes the heart perform its functions. Figure 1.1 below shows the schematics of 
the cardiovascular system.  
 
Figure 1.1: Schematic of the Cardiovascular System (Major Artries N. p.,  
2016). 
 
Poiseuille (1840), tried to analyze the nature of blood flow in the body. He 
stated that in blood vessel analysis, three primary factors are essential to determine 
the resistance to blood flow within the vessel, these factors are; vessel diameter, 
vessel length and the viscosity of the blood. Among these factors, the vessel 
diameter is hemodynamically and physiologically most important. This is because 
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the vessel diameter changes during contraction and relaxation of the vascular 
muscles in the walls of the blood vessel during the systolic and diastolic phases of 
blood circulation. It should be noted that   negligible changes associated with the 
vessel diameter can have a significant impact on the blood flow resistance. The 
vessel length does not change significantly and the blood viscosity can be constant. 
From the assumptions based on Poiseuille’s law, the blood flow resistance 
(R) is directly proportional to the length (L) of the vessel and the blood viscosity 
(µ), and inversely proportional to the radius to the forth power (𝑟4).  
Mathematically, 
                                     R α 
µ .  𝐿
𝑟4
    …………………………  
Equation 1 
From the above relationship, a vessel having twice the length of another vessel but 
with the same diameter will have twice the flow resistance. An increase in the blood 
viscosity, will double the flow resistance. But when the radius of the vessel is 
enlarged, the flow resistance is reduced. In addition, the change in radius will cause 
a change in the resistance to the forth power. This relationship between these 
parameters from this equation influences laminar flow like that observed in the 
coronary artery. A small decrease in vessel radius has a significant effect on the 
blood flow. 
 Furthermore, the expression above for blood flow resistance can be 
combined to determine the relationship with the blood pressure. Since relative flow 
(F) can be the change in pressure (∆P) divided by the blood flow resistance (R), the 
mathematical relationship for the stated expression can be mathematically related 
to pressure as shown below: 
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                                      F = 
∆𝑃
𝑅
  ………………… Equation 2 
 Then, 
                                   F α 
∆𝑃 . 𝑟4 
µ .  𝐿
 .……………… Equation 3 
The above relationship is referred to as the Poiseuille’s equation. This equation 
provides a description of how fluid flow is affected by the changes in pressure, 
radius, length and viscosity of the blood. This equation can also provide an 
important concept to understand the effect of stenosis in vessel radius and how the 
blood flow is altered. 
 Blood moves through the cardiovascular system when the heart beats. The 
blood that leaves the heart is saturated with oxygen and transported by the arteries 
to other parts of the body. The arteries which transport the oxygenated blood from 
the heart break down into smaller branches so that oxygen is available at the 
capillaries, and cellular levels of the body. As the blood leaves the capillaries, it 
flows through the veins carrying deoxygenated blood back to the heart. The 
cardiovascular system has a complex anatomy and physiology. Due to this 
uniqueness of its hemodynamics, the cardiovascular system is prone to vascular 
diseases. 
1.3. Cardiovascular Diseases 
 A vascular disease is a condition that affects the arteries and veins. The most 
common vascular diseases usually have impact on blood flow, either by blocking, 
weakening blood vessels or damaging the valves found in veins. Some of the 
coronary artery diseases are; angina pectoris, atherosclerosis, atheroma, peripheral 
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artery disease, acute coronary syndrome and myocardial infraction. Angina pectoris 
is a chest pain and discomfort caused when the heart muscles does not get enough 
oxygen-rich blood. It is considered the early symptoms of coronary heart disease. 
Atherosclerosis is the hardening and narrowing of the arteries, slightly and slowly 
blocking the arteries. This put blood flow at risk. Atheroma is the accumulation of 
degenerative material in the inner layer of the artery wall. These degenerative 
materials can be lipids, calcium or macrophage cells. Macrophage cells are a large 
cell found in stationary form in the tissues or as a mobile white blood cell, especially 
at sites of infection. Peripheral artery disease is referred to as a blood circulation 
disorder were blood vessels outside of the heart and brain are narrowing or 
completely blocked. Acute coronary syndromes can be used to refer to a condition 
where there is sudden block in blood vessel. These cardiovascular diseases have 
been linked to several factors. Some of these factors include blood clots, 
inflammation, injury or trauma and genetics. But the major cause of cardiovascular 
diseases has been linked to atherosclerosis. 
1.4. Atherosclerosis and Aneurysm 
Atherosclerosis is a term used to describe a disease of the arteries caused by 
the deposition of plaques of fatty material predominantly cholesterol on the inner 
walls of the artery tissues. The coronary artery is located after the aortic valve in 
the ascending aorta. It is the artery that supplies oxygenated blood back into the 
heart. The Figure 1.2 below shows the schematics of the coronary arteries and the 
branches along the myocardial of the heart. 
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Figure 1.2: Schematic of the coronary arteries (H, Jesse, 2011) 
 
During a life time, the coronary arteries are prone to plaque formation and 
accumulation within the arteries, this is called atherosclerosis. Atherosclerosis and 
plaque formation occur in the coronary arteries because this part of the body has a 
unique physiological and complex anatomical and hemodynamical features. Plaque 
can build up where the arteries are damaged, as time progress, this plaque hardens 
and narrows the arteries. This plaque can break up, and the blood cell fragments 
called platelets sticks to the site of the injury. This clump can narrow the arteries 
even more and limit the flow of oxygen-rich blood. The coronary arteries can be 
likened to series of curved tubes or lumen while maintaining blood flow and 
pressure relative to the motion of the heart during systolic and diastolic phases of a 
cardiac cycle. The plaque buildup can occur mostly in a specific region along the 
arterial wall. When plaque accumulation becomes concentrated in a location in the 
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artery, it is known as stenosis. Stenosis can also be defined as the narrowing down 
of arterial cross sectional area due to accumulation of fatty materials. Figure 1.3 
below depicts the schematic of plaque accumulation (stenosis) in the coronary 
artery. 
 
Figure 1.3: Schematic of plaque buildup in the coronary (My heart procedure, 
2017) 
 
The occurrence of stenosis causes blood vessel to adjust physiologically to 
maintain blood flow through the region where there is accumulation. This 
accumulated plaque can completely or partially block the artery. This blockage will 
result in total backward flow in the artery and prevent other sections of the artery 
from receiving oxygen and nutrient.  Partial blockage of the artery leads to a 
reduction in the diameter of the cross-section of the artery and induce a flow 
resistance in the artery, which might cause the plaque to rupture. In the event of a 
rupture, ruptured plaque can form small fragments and enter the blood stream. 
Chandran (2006), noted that when rupture heals, it leaves multi-layered complex 
lesions and shrinks the artery internal wall at that location.  
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Plaques release from stenosis can be detrimental in two ways: First, the 
plaques can flow through the bloodstream into smaller blood vessel like those in 
the brain and heart causing blockages in blood vessels in a different location. This 
blockage can lead to stroke, heart attack, and sudden death. Secondly, the other risk 
factor is the formation of aneurysm. An aneurysm is the swelling of the arteries 
walls when a plaque does not rupture. Aneurysm can balloon out to the extent where 
it can rupture and becomes fatal. The formation of atherosclerosis can be affected 
by several factors. In the next section, some of the factors that can result in 
atherosclerosis formation will be reviewed. 
1.5. Factors Affecting Atherosclerosis Formation 
Atherosclerosis formation cannot be detected in its early stages. This is 
primarily because the accumulation of cholesterol which is the primary component 
of plaque buildup occurs in a gradual process. This is the more reason why CAD is 
predominant in population over the age of forty. Symptoms like sudden chest pain, 
short breath have been identified as potential presence of plaque buildup. This 
makes it quite difficult to track down the formation of plaque. Atherosclerosis 
formation has also been linked to genetic make-up, diseases like diabetics, 
hypertension, social lifestyle like alcohol consumption and smoking as reported by 
Shrestha (2010).  
 According to Krams et al., (2010) Atherosclerosis are formed in regions or 
sites with lower time average wall shear stress (WSS), high Oscillating Shear Index 
(OSI).  Oscillatory Shear Index is a unit less parameter used to evaluate the 
unsteadiness and fluctuation mostly in the near wall boundaries of a blood vessel. 
Another parameter used to evaluate atherosclerosis formation is the Time Average 
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Wall Shear Stress (TAWSS).  Time Average Wall Shear Stress is the average of 
the wall shear stress experienced in the walls of the LCA for a period of one cardiac 
cycle as reported by Lee et al. (2009). TAWSS has its unit in Pascal (Pa). The last 
parameter that was evaluated is the Relative Residence Time (RRT). The Relative 
Residence Time, is used to estimate and quantify the areas of minimal flow and 
stagnation along arterial vessels. The unit of RRT is the inverse of stress (1/Pa). 
These parameters are used to identify the locations in the artery susceptible to 
atherosclerosis.  
Hemodynamic characteristics in blood vessels are affected by many factors.  
Some factors like the vessel geometry, vessel movement, velocity profile, the 
branch flows, and the flow wave form involved. The coronary artery branches of 
immediately after the aortic valve. It is attached to the myocardium of the heart 
downstream, to supply the heart with oxygenated blood Santamarina (1998), 
reported that high significance of modeling vessel geometry and movement will 
provide an insight into predicting the location with low WSS and high OSI. 
To reiterate, the coronary arteries have been studied from different 
viewpoints. The physiological nature of blood, the nature of the heart motion and 
the principles behind vessel branching. For this study, the focus was mainly on 
evaluating the hemodynamics and geometric factors in the coronary artery that can 
be a potential cause of CAD related diseases. 
1.6. Motivation and Objectives 
For over two decades, scientific investigation into the area of vessel 
branching physiology has gained more attention. This is because proper 
understanding of branching physiology of different blood vessels will be important 
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to determine the likelihood of CAD, plaque formation and aneurysms. Gijsen et al., 
(2008) stated that the fluid flow at the branch is of great importance, because at 
these regions because blood flow exhibits a different hemodynamics fluid behavior. 
One major reason for this change in flow characteristics is relative to the change in 
the vessel geometry in bifurcated regions. In addition, Shabban and Duerinkx 
(2000), reported that the bifurcated regions are areas of recirculation and OSI.  
Simulations of blood flow have been reported to depend on many factors 
namely; vessel geometry, branch angles, flow waveform shape and the inlet 
boundary conditions. Previous research works by (Shrestha 2010; Jingliang. et al., 
2014) with respect to coronary artery have focused on the branch angle between the 
left anterior descending and the left circumflex and the effect of branch diameters. 
In the current study, the take-off angles of the LCA was varied and branch angles 
downstream of LCA was also varied to account for the effect of the branches on 
the blood flow. 
 Previous studies have been carried out on the angle between the Left Main 
Stem (LM) and the Left Anterior Descending (LAD). The branch angle between 
(LM) and (LAD) is the primary factor that affects the behavior of blood flow into 
the LAD and the LCx. This study focused on two major areas; (i) the left anterior 
ascending because approximately 71% of blood in the coronary artery flows 
through left anterior ascending, as reported by (Boutsianis et al., 2004), and (ii) the 
hemodynamic effect of the different take-off angles of the coronary artery.  
Computer Topography of the actualized geometry was not used in this study. 
An idealized model of the LCA was used for this study. The idealized geometry 
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used for this study was modelled relatively close to an actual geometry of LCA as 
showed in Figure 1.4. In the models, the angle between the LAD and LCx were set 
at 65⁰, 70⁰, 73⁰, and 80⁰ respectively, for the different geometries. Girasis et al., 
(2010) concluded that angle between LAD and LCx can range from 70⁰ to 110⁰.  
For the current study, coronary take-off angles were set at 110⁰, 120⁰, 140⁰, 145⁰, 
155⁰ respectively. In this study, the take-off angle is the angle the LM makes with 
the aortic root, while the branching angles downstream of the LAD were set as the 
same angle between the LAD and LCx. The goal was to create a model like the 
anatomy of the LCA, and Computational Fluid Dynamics (CFD) techniques was 
used to evaluate the behavior of the blood flow through the LCA.   Thes parameters 
earlier identified as indicating factors to the formation of atherosclerosis (OSI, 
TAWSS and RRT), will provide details on the changes in the hemodynamics of the 
blood flow as affected by the different take-off angles of the LCA.  
The second area of focus is to evaluate hemodynamic characteristics of 
blood flow through the LAD further down the myocardial of the heart.  The base 
line for this focus is the finding of Wentzel et al., (2013). He stated that the coronary 
arteries are highly branched and the branching regions are common site of plaques 
and fat accumulation. From the combination of the two areas of focus, the impact 
of the LAD geometry can be used to investigate effects of take-off angles of LM 
from the aortic root on the hemodynamics characteristics of blood flow in the LAD 
of the left coronary artery. 
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CHAPTER  2: LITERATURE REVIEW 
 
This chapter evaluates different research works that have been carried out 
to understand CAD. The physiological, hemodynamics and geometrical features of 
the coronary artery that can trigger the formation of atherosclerosis from previous 
scientific research works have been discussed in relation to this study. 
2.1. Physiology of Coronary Arteries 
The coronary arteries, located above the aortic valves are responsible for 
the supply of oxygenated blood to the heart. These arteries run down the 
myocardium of the heart branching into smaller vessels, which collectively form 
complex and bifurcated arterial structural network. The coronary artery is divided 
into two; the left coronary artery (LCA), and the right coronary artery (RCA). These 
branches are located on opposite sides of the aortic arch. The RCA further branches 
into the distal right coronary artery as it runs down the length of the myocardium. 
The LCA branches into the left circumflex artery (LCx) and the left anterior 
descending (LAD). The heart has a unique circulation hemodynamics that ensures 
proper blood circulation through the coronary arteries as reported (Shrestha 2010). 
The change in pressure and pulsatile motion of the heart is responsible for proper 
circulation in the cardiovascular system. 
Blood circulation through the coronary arteries occurs because of   changes 
in pressure and movement of the heart during systolic and diastolic phases 
(Shrestha 2010). The systolic pressure is the amount of pressure in the arteries 
during contraction of the heart, while the diastolic is the normal blood pressure in 
the artery. In the past, up to the present, research on the vascular system have been 
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conducted theoretically, computationally, and experimentally to understand the 
hemodynamics, and physiological nature of blood flow in the vascular system. 
Williams et al., (1902), studied coronary arteries as a curved tube. The 
authors reported that the axial velocity of blood flow in the coronary arteries was 
towards the outer wall of the curve tube.  They noted that the coronary artery will 
likely experience the same hemodynamics.    Lending credence to the findings of 
Williams et al., (1902) is the computational analysis research work of Greenspan 
(1972).  Greenspan (1972) used the finite difference techniques while varying the 
Reynolds number to study the flow in a curve tube.  Findings of (Williams et al., 
1902; Greenspan, 1972) concluded that the flow in curve tubes were more stable 
than in straight tube. Their conclusions were based on the low Reynold’s number 
in the flow through the curved tube and the likelihood of low induced turbulence in 
the curved tube. In addition, Greenspan (1972) asserted that in curved tubes despite 
the value of the Reynold number the flow is always laminar.  
Lyne (1970) studied unsteady and sinusoidal flow in curved tube. In the 
experiment the author tried to draw a relationship between the curved natures of the 
coronary artery hemodynamics. He concluded that maximum axial velocity was 
observed to be closer to the inner wall for both cases were the Reynold’s number 
was high and low respectively. His claims were supported by findings of Yearwood 
et al. (1979).  Yearwood (1979), conducting a study on the phenomenon of pulsatile 
flow in curved tubes asserted that there was reversed flow in the curved tube during 
diastole phase of blood circulation. This is because the movement of the heart 
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causes the change in pressure that allows proper blood circulation when the aortic 
valve opens during systolic and closes during diastolic phases respectively.  
Blood circulation in the atria is important to determine the normal cardiac 
cycle of the heart. Thomas et al., (1958) practically used dye injection to observe 
the atrial coronary artery. From the study, the authors asserted that the coronary 
arteries have a unique configuration to allow even passage of oxygenated and 
deoxygenated blood in the right and left atrium. This assertion was supported by 
findings of Heinrich et al., (2010). Heinrich et al., (2010) studied the regional 
myocardial blood flow and concluded that myocardial blood flow had severe 
impact on patients with micro-vascular disorders.  In addition, Heinrich et al., 
(2010), asserted that the coronary motion and flow measurement can be used to 
determine the severity of diseases, distinguish between the functional and structural 
alternations and serve as a guide to determine potential therapeutic strategies. 
The complexity and hemodynamics of the coronary arteries has made it 
difficult to understand its entirety. The complex branches in the coronary arteries 
and the motion of the heart has also limited the holistic study of coronary arteries.  
Thus, prompting the part by part study of the coronary artery. Several factors like 
the geometry of the blood vessel, properties of blood in the blood vessel and flow 
mechanics also play a critical role in the behavior of blood.  Among these factors, 
blood vessel geometry and regions of blood vessel bifurcation have been identified 
to be the most important ones. In the next section, coronary artery bifurcation will 
be reviewed.  
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2.2. Coronary Artery Bifurcations 
Blood vessel bifurcation is the splitting of blood vessel into two or more 
smaller vessels. Vessel bifurcates have been reported to have a contributing effect 
on coronary artery diseases development. Johannes et al., (2007), in a theoretical 
study asserted that atherosclerotic lesions have a distinct pattern of localization on 
the outer walls of the bifurcation and the inner curvature downstream from the 
bifurcation. Furthermore, Johannes et al., (2007) reported that the wall pressure 
(WP), wall pressure gradient (WPG), wall shear stress (WSS) and wall shear stress 
gradient (WSSG) parameters artery are responsible for the localization effects in 
the left coronary artery.  The authors asserted that endothelial cells responded to 
the effects of low WP, WPG, WSS, WSSG and high molecular viscosity can 
promote the formation of atherosclerosis at these bifurcations. 
Friedman et al., (1983), reported that the bifurcation variations, the curved 
nature of the aorta, and the branching in the aortic regions have roles to play in 
determining the behavior of blood flow.  Based on their findings, Friedman et al., 
(1983) concluded that the artery geometry was a significant factor in determining 
the wall shear stress and other hemodynamic parameters in the aortic bifurcation.  
In a similar study conducted by Asakura (1990), the authors using computational 
results concluded that secondary flow produces large variations in the wall shear 
stress along the blood vessel and hemodynamic effect is visible in the right coronary 
artery. Comparing both studies, it was observed that the findings of Asakura (1990), 
agreed with that of Friedman et al., (1983).  Zhaohua Ding et al., (1996), using 
computational analysis concluded that some geometric features, specifically the 
length of LM, LAD-LCx branch angles, and the turning angles between the LM 
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and each of its daughters’ vessel might be associated with the susceptibility of the 
vessels to Sudanophilia diseases, one of the diseases of the coronary artery. 
Sudanophilia is a leukocyte in the body that stains easily when there is a fatty 
degeneration, while the daughter vessels can be defined as the branched smaller 
vessels after the bifurcations. Leukocytes are colorless cells that circulate in the 
blood and body fluids, these cells assist in fighting foreign substances and diseases.  
Gijsen et al., (2008), studied patient specific main branch of LAD artery by 
in vivo imaging with reconstruction of the 3D geometry using ultrasound and 
biplane angiography. Computational simulations of (Gijsen et al., 2008) showed 
that the flow and geometric parameters determined the flow phenomenon in the 
diagonal of the LAD. This made the authors to conclude that the larger the angle 
and the ratio of the bifurcations, the more impact the branch angle has on the blood 
flow.  The authors modeled two different LAD geometries; 5.5mm in length LAD 
with average diameter of 2.0±0.2mm, the proximal region had a length of 7.5mm 
and an average diameter of 2.3±0.1mm. The wall shear stress of both geometries 
was compared and a 12% variation was observed in both the divider and non-
divider walls of LAD.  
  Using computational models, Friedman et al., (1983), stated that lower and 
more oscillatory shear stresses are common with thicker intima layers. The authors 
also demonstrated that thicker intima would favor increased lipid deposition. Dong 
et al., (2014), studied the fluid-structure interaction of the left coronary artery and 
reported that the branch angulation strongly altered mechanical stress distribution 
under pulsatile blood pressure. The authors also asserted that high tensile and low 
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oscillatory shear stress simultaneously occurs at the LCx side bifurcation shoulder 
in wider-angled models for coronary artery. Richter et al., (2004), studied the 
effects of the variation in geometric parameters. The authors investigated the effects 
of diameter ratio of the main branch to the side branch of some models. The main 
to side branch ratios for the three different models used for the study were 1:1 2:1, 
and 4:3, respectively. This ratio changes were used to evaluate the effects of the 
side branches on blood flow. The findings from the study showed that the effect of 
flow mechanics at the branches on the main branch were attributed to total flow in 
the side branch and independent of the diameter size of the side branch. 
Investigating the competitive flow on hemodynamics characteristics 
through the examination of non-Newtonian effects considered to be an idealized 
model, Taewaon et al., (2013) concluded that when the graft angle is 90º, blood 
flow is severely changed due to the maximum blood velocity effect on the outer 
walls of the blood vessel. The jet flow emerging from bifurcations can affect the 
flow field downstream per variation of the graft angles.  Taewaon et al. (2013), 
asserted that as graft angles increased, the velocity profile of the flow showed that 
velocity increased towards the outer wall. 
Using computational analysis incorporated physiological model and 
uniform transient wall deformation of a branch angles of right coronary artery 
(RCA), Dehong et al., (2008), assessed the influence on the wall shear stress 
(WSS). Based on the conclusion of the study, it was evident that results from the 
pulsatile flow simulations of coronary artery caused changes in WSS when 
compared to non-compliant models. Vessel compliance refers to the expansion and 
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contraction of the blood vessel during the two phases of blood circulation. In 
agreement with the conclusion of Dehong et al., (2008), Ramaswamy et al. (2004) 
while investigating LAD, suggested that coronary artery compliance have strong 
effect on the WSS. However, it is worthy of note that, the authors’ investigations 
were primarily based on the analysis of the WSS at the site of maximum stenosis. 
The authors asserted that low WSS, WSSG and high molecular viscosity regions 
were observed at bifurcations in regions opposite the flow divider. They reported 
that these anatomic sites were pre-disposed to atherosclerotic development. Kanaris 
et al. (2012) studied the effect of blood viscosity on hemodynamic factors in small-
bifurcated artery. In the hemo-rheological study, kanaris et al., (2012) asserted that 
blood viscosity affects the circulatory system and it determines the pressure drop, 
WSS, WSSG, mass flow rate and local blood velocity. Hematocrit is one of many 
factors that can affect the viscosity of blood in the human body. The higher values 
of WSS and WSSG obtained at the apex of the bifurcations provided evidence that 
an increase in hematocrits can lead to endothelium damage. The findings of Kanaris 
et al., (2012), agreed with that of Anastasious et al., (2011) who asserted that the 
hemodynamics factors like pressure drop, WSS, and WSSG were related to many 
cardiovascular diseases, and have been evident in blood viscosity.  Hinged on the 
hemodynamics factors evident in blood viscosity the authors further affirmed that 
high blood viscosity increases susceptibility to hypertension, atherosclerosis, and 
blood clotting and tissue infraction as well. 
2.3. Hemodynamics in the Coronary Artery 
Hemodynamics is the study of the dynamics of blood flow in the circulatory 
system to ensure the transportation of nutrients, hormones, metabolic wastes, 
21 
 
 
 
oxygen and carbon dioxide throughout the body to maintain cell-level metabolism, 
regulate pH, osmotic pressure and the temperature of the whole body. 
Hemodynamic studies play a crucial role in the physiological behavior of blood and 
a better understanding of cardiovascular diseases. Coronary artery diseases have 
been understood to be caused by numerous diseases like diabetes and hypertension 
as stated by Shrestha (2010).   
The impact of hemodynamics in the development and progression of 
plaques at susceptible sites in arterial curvatures and branch bifurcations have been 
documented. Findings from Studies of Giulio et al., (2008) and Kanaris et al., 
(2011), have shown that hemodynamics of blood flow in the coronary arteries 
bifurcations and blood viscosity provided insight into the causes of coronary artery 
diseases. It is pertinent to note that blood in the coronary arteries is treated as non-
Newtonian fluid because of the high flow rates and the complicated geometries 
according to (Giulio et al. 2008). For Neofytou and Drikakis (2003), blood was 
considered as a Casson, power-law or Quemada fluid.  The authors’ computational 
modeling techniques results were closer to Newtonian fluid properties when 
transition from Bingham and Reynolds numbers so they concluded that properties 
of blood in a vessel depends on the location of the vessel and nature of blood flow 
in the vessel. 
Lorenzini (2005), used mathematical models to simulate how the coronary 
artery blood flow was affected by intravascular Doppler catheter. The results 
showed that two-phase nature of blood required a non-Newtonian property. 
Applying numerical methods, Jonghwun et al., (2005), model predicted higher red 
22 
 
 
 
blood cell build up inside the radius of curvature of the right coronary artery. They 
concluded that increase in plasma viscosity caused low WSS. The implication of 
this prediction was to understand if hemodynamics phenomenon might be a 
contributing factor to the early stages of atherosclerosis.  
Guiying et al., (2015), investigated three image-based geometries of the 
right coronary artery. Findings from the investigation revealed that there were 
relatively low WSS and WPG regions at the curvature of the image-based models 
used in the study. Guiying et al., (2015) also submitted that the branch bifurcation 
sites of the arteries coincided with regions prone to plaque formation. The 
conclusion further ascertained that the average WSS and pressure drop from the 
inlet to outlet increased with more complex geometries when compared with 
idealized models. The study also concluded that from the fluid mechanical 
properties, the geometry of curvature and angulation (of the side branches) had 
significant effect on the WSS and WPG in the hemodynamics of the RCA and 
atherosclerosis lesions. This was a piece of evidence that the pressure drop between 
the inlet and outlet was affected by both the curvature and angulation. They noted 
that apart from the angles been sites of anastomosis, the angles of anastomosis 
should be considered in a way to minimize the oscillating WSS at the bifurcations. 
It is important to mention that over the years understanding the mechanism 
of plaque development mechanism has come under investigation from different 
schools of thought. Freidman et al. (1986) and Nerem (1992) had similar 
conclusions that vessel occlusion is stimulated by low level of WSS and proposed 
that low and oscillating WSS increases the risk of occurrence of the disease. 
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Furthermore, Nerem (1992) ascertained that high WSS could be a suppressing 
factor to the disease formation. While Joshi et al. (2004) and Wentzel et al. (2003) 
affirmed that coronary heart disease could be due to the vessel experiencing very 
high WSS. The authors stated an example of occurrence of stenosis at the apex for 
a highly-aggravated plaques and bifurcation points. 
2.4. Techniques in Treatment of Coronary Artery Diseases 
The anatomy of the heart shows that the left ventricle is responsible for the 
pumping of blood to the aorta, which is the main body artery. Just above the aorta 
are the LCA and the RCA. These arteries run down the outer surface of the heart 
and are further divided into smaller branches that supply the heart muscles with 
oxygenated blood to perform its functions. From studies, the coronary arteries have 
been reported to be the region of plaques formation and atherosclerosis. These 
building blocks can result in coronary artery diseases, artery blockages, heart 
attacks in several situations leading to death. As stated earlier, the early symptom 
of coronary artery disease is angina. Angina is a term used to describe the 
discomfort experienced in the chest, arms, or lower jaw that results from 
insufficient blood supply to the heart muscles. Patients with coronary 
atherosclerosis are at a risk of suffering from heart attack. Heart attack occurs when 
the coronary artery becomes block because of blood clot thereby preventing oxygen 
from getting to the heart muscles.  
There are several approaches used to treat and manage coronary artery 
diseases. These techniques vary depending on the severity of the disease, the age 
of the patient, as well as the patient’s disposition. The main approaches used to treat 
coronary artery diseases are; medical therapy, angioplasty, stenting, and coronary 
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artery bypass. Patients with coronary artery narrowing that does not significantly 
affect the flow of blood are placed on medical therapy, while patients with coronary 
artery atherosclerosis are treated with balloon angioplasty. In most cases stent graft 
deployment is used to prevent restenosis after balloon angioplasty but the technique 
is not a complete treatment for coronary blockage. Restenosis is likely to occur after 
angioplasty. 
Restenosis is the abnormal narrowing of blood vessel after angioplasty or 
surgical procedures. In a situation where there are multiple numbers of blocked 
arteries and the severity of the disease is high, coronary artery bypass graft surgery 
is used. To determine the level of efficacies of the different coronary artery disease 
treatment, Daniel et al., (1993), evaluated the evolution of therapy for coronary 
artery disease in 9,263 patients with symptomatic coronary artery diseases between 
1984 and1990. The study showed that there were survival advantages for coronary 
bypass graft surgery over medical therapy for three-vessel diseases and severe two-
vessel diseases. The study also concluded that for less severe coronary artery 
disease, coronary artery angioplasty is preferred to medical therapy.  
 Pil et al., (2016), compared the clinical outcome between percutaneous 
coronary intervention (PCI), and coronary artery bypass grafting (CABG) for left 
coronary artery. He reported a higher risk of stroke with CABG, and a higher rate 
of repeat revascularization with PCI. This lead to the recommendation of PCI over 
CAGB in patient with low or intermediate anatomic complexity. Rainer et al., 
(2000), studied the effect of exercise on the coronary artery endothelial function 
with patients with coronary artery disease. He found that exercise training improved 
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coronary endothelial function in patients with asymptomatic atherosclerosis. This 
finding indicated that the absence of clinically significant coronary-stenosis 
enhances the vasodilatory of coronary resistance in patients with peripheral 
vascular diseases. Buttressing the impact of exercise, Reinhart et al., (1998), 
reported that in patients with left coronary artery disease and impaired left 
ventricular function, exercise training did not have any significant effect on blood 
viscosity. Rainer et al., (2000), was also able to prove that in patients with coronary 
atherosclerosis, exercise training can partially improve the endothelial function. 
This emphasizes the therapeutic potential of endurance training for patients with 
coronary artery disease. The different techniques used for the treatment and 
management of coronary artery diseases, depends on the severity of the disease and 
the engineering simulation techniques used to analyze the hemodynamics of blood 
flow in the coronary artery are based on fluid mechanics and flow behaviors. These 
techniques make use of boundary conditions that are like the physiological natures 
of the blood vessels. Though some challenges like vessel compliance, vessel 
movement, cell genetic make-up, chemistry behind blood cells are not usually 
simulated in engineering. The physiological aspects involve simulating blood 
mechanism at the cellular level. The fundamental principles of fluid movement, 
nature of the blood, properties of blood at different arterial networks, the inlet and 
outlet boundary conditions can be simulated using wise engineering judgement. 
2.5. Boundary Conditions 
Boundary conditions are simulation conditions used in Computational Fluid 
Dynamics (CFD) to best replicate the actualized properties of the vessel and its 
flow properties. As earlier stated, the artery geometry significantly affects the 
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hemodynamics of blood flow. The inlet and outlet conditions also play vital roles 
in determining the hemodynamics of blood flow and the pressure distribution 
(Grinberg et al., 2008). When blood leaves the heart, pressure develops as it flows 
through the arteries. This pressure dampens, disperse and reflect due to the 
fluctuation of vessel caliber, tissue properties and branching of geometry (Sherstha 
2010). Assigning physiologically relevant boundary conditions for the simulation 
has always been of great interest. The inlet boundary conditions are conditions 
setup in the simulation to best replicate the blood flow conditions, while the outlet 
boundary condition replicates the nature and properties of blood in blood vessels at 
every given time. Vignon-Clementel et al., (2006) asserted that the most common 
outflow boundary conditions used for blood flow simulation in arteries are pressure 
profile, velocity profile, and flow-split outlet boundary conditions. Impedance 
boundary condition, has been identified as another model approach based on the 
concept of electrical impedance. This technique can be used to address natural site 
of wave reflection as stated by Vignon-Clementel et al., (2006). Resistance 
(Windkessel) boundary conditions have previously been assigned as outlet 
boundary conditions for blood flow modeling through the arteries.  Resistance 
method inter-relates the concept of resistance to a well-defined relationship 
between pressure and flow rate that is consistent with Poiseuille flow. The 
Windkessel model is used to set up boundary conditions related to many arterial 
networks with multiple outlets.  
The widely-used boundary condition helped to assign mass flow ratio to the 
different outlet branches. Goubergrits (2008), studied the impact of geometrical 
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differences between the Computational Topography (CT), Magnetic Resonance 
Imaging (MRI), and optically designed post mortem vessel.  In the study of 
Goubergrits (2008), flow rate was estimated based on the cross-section areas of the 
three outlet vessels measured proximal to the bifurcation used in the study. This 
further reiterated the fact that boundary conditions depend on the physiological 
information available. 
2.6. Key Findings from Literature Review 
• The coronary artery is studied in segments because it is easier to understand 
the physiology and hemodynamics of different segments. 
• Vessel geometry is a key factor that can determine the likelihood of 
coronary artery disease formation. 
• Boundary conditions of the blood vessels is important to replicate the 
behavior of the blood flow in the vessel. 
• Atherosclerosis formation can be triggered by some parameters related to 
flow mechanics, physiological and hemodynamics properties of the blood 
vessel. 
2.7. Key Challenges from Literature Review 
• Replicating the entire motion of the heart during diastolic and systolic 
phases of blood circulation can be difficult to achieve. 
• Accounting for the changes in pressure during the two phases of blood 
circulation can be challenging to replicate. 
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CHAPTER  3: METHOD AND APPROACH 
 
In this chapter, the methods and techniques used to generate the CAD model 
and CFD simulations for this study are presented in the different sections. The 
overview of how the simulation was set up for the different take-off angles of the 
LCA and boundary conditions were also outlined. The methodology procedures 
and   guidelines on the idealized model and physic continuum used are also 
explained and illustrated in tables and figures.  
3.1. Methodology 
In this study, to understand the hemodynamics of the Left coronary artery 
(LCA), a combination of CAD modeling and CFD software were used to generate 
the idealized geometry and simulate the blood flow through the different take off 
angles of the coronary artery from the ascending aorta. The research templates used 
for the analyses in the current study of the LCA were to assess near- wall 
hemodynamics and other fluid flow parameters. These templates provided basic 
understanding of the flow mechanics in blood vessels from the basic fluid 
mechanics standpoint. To properly model blood flow mechanics in the LCA, some 
assumptions were employed to best replicate the actual nature of blood flow in the 
LCA in computational simulation. 
3.2. Fluid Mechanics Consideration 
To fully understand the flow mechanics in each of the different LCA 
geometries under consideration, assumptions were made for each of the 
simulations. The assumptions made were vital in replicating the actual vessel 
behavior and flow properties in the LCA. The geometries used in the simulations 
were idealized geometries rather than taking various model from actual anatomy of 
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patients. This was done to enable easy comparison of the different take-off angles 
hemodynamics. 
The fluid assumptions made for the different take-off angles were constants in all 
the simulations, but the take-off angles varied for the different scenario. Table 3.1 
below depict the different take-off angles under consideration for this study and the 
list of the fluid mechanics assumptions made in the simulations.  
Table 3.1: List of assumptions used in the CFD modeling 
Assumptions 
Newtonian Flow 
Smooth, rigid no-slip walls 
Consistent Artery Bifurcations 
Consistent Main Inlet Diameter 
Constant flow-split percentage at the outlets 
 
From Table 3.1 above, the blood flow was considered as Newtonian flow 
because the vessel diameter was greater than 1mm (Pearson T.C 2001; Nichols et 
al. 2011). Therefore, the blood was considered to exhibit Newtonian fluid behavior. 
The minimum diameter in LCA geometry used for this study was 2.4mm. The 
smooth, rigid no-slip walls were selected to account for friction on the vessel wall. 
The bifurcations of the LCA was consistent, to get comparable results. Additional 
length was added to the main body inlet region so that the blood flow is fully 
developed before it enters the LCA. The simulation was run for two full cardiac 
cycles of a heartbeat.  The outlets were set at constant flow-split so that all the 
branches distal of the LAD gets equal amount of blood flow.   
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3.3. Governing Equations 
The governing equations are fundamental numerical expressions used in the 
field of fluid mechanics to properly understand the behavior of fluid flows. Fluid 
motion equations can be highly complex to solve analytically, but with the aid of 
computational simulations and sound engineering judgment, numerical solutions to 
fluid flow equations can be calculated.  The primary equations used for CFD 
analysis are discussed in this section. These equations are built in the computation 
software to analyze the field of fluid mechanics in each of the geometries under 
consideration. The equations used in the simulations are defined below: 
A) Continuity Equation for Fluids 
The equation can also be referred to as the conservation of mass equation. The 
equation can be written in many forms but most notable are; Eulerian and 
Lagrangian forms. The Eulerian form considers the flow profiles in any system 
expressed as a function of its location at a given time, while the Lagrangian form 
is applied to fixed systems (particles). In the Eulerian terms, the material derivative 
is expressed as; 
𝐷
𝐷𝑡
=
𝑑
𝑑𝑡
+ (𝑉. 𝛻) ……….. Equation 4 
 While the law of conservation of mass is: 
𝐷𝑚
𝐷𝑡
=
𝐷
𝐷𝑡
(ρv) = 0 = ρ
𝐷𝑣
𝐷𝑡
+ 𝑣
𝐷𝑝
𝐷𝑡
 …………. Equation 5 
The most general form of continuity for fluids in the general form is stated 
below: 
𝑑𝜌
𝑑𝑡
+ 𝑑𝑖𝑣𝜌𝑉 =  0 ……………… Equation 6 
31 
 
 
 
In this study, the continuity principles must be satisfied by the computing software 
to obey the fundamental principle of fluid mechanics. The mass flow rates into the 
LCA must be equal to the summation of the mass flow rates out of the different 
outlets of the LCA after the simulation is completed. 
This equation is used to describe the motion of viscous fluid substances. 
The Navier-Stokes equation arises from the application of Newton’s second law to 
fluid motion if the stress in the fluid is the summation of a diffusing viscous term 
and a pressure term. The equation has three linear dimensions shortened into a 
vector notion as stated by White (2005). The Cartesian coordinates of 
incompressible Navier-Stokes equations are shown below: 
The x-direction equation: 
𝜌 (
𝔡𝑣𝑥
𝔡𝑡
+ 𝑣𝑥
𝔡𝑣𝑥
𝔡𝑥
+ 𝑣𝑦
𝔡𝑣𝑥
𝔡𝑦
+ 𝑣𝑧
𝔡𝑣𝑥
𝔡𝑧
) = −
𝔡𝑝
𝔡𝑥
+ ƿ𝑔𝑥 + µ (
𝔡2𝑣𝑥
𝔡𝑥2
+
𝔡2𝑣𝑥
𝔡𝑦2
+
𝔡2𝑣𝑥
𝔡𝑧2
) 
………… Equation 7 
The y-direction equation: 
𝜌 (
𝔡𝑣𝑦
𝔡𝑡
+ 𝑣𝑥
𝔡𝑣𝑦
𝔡𝑥
+ 𝑣𝑦
𝔡𝑣𝑦
𝔡𝑦
+ 𝑣𝑧
𝔡𝑣𝑦
𝔡𝑧
) = −
𝔡𝑝
𝔡𝑦
+ ƿ𝑔𝑦 + µ(
𝔡2𝑣𝑦
𝔡𝑥2
+
𝔡2𝑣𝑦
𝔡𝑦2
+
𝔡2𝑣𝑦
𝔡𝑧2
) 
…………. Equation 8 
The z-direction equation: 
𝜌 (
𝔡𝑣𝑧
𝔡𝑡
+ 𝑣𝑥
𝔡𝑣𝑧
𝔡𝑥
+ 𝑣𝑦
𝔡𝑣𝑧
𝔡𝑦
+ 𝑣𝑧
𝔡𝑣𝑧
𝔡𝑧
) = −
𝔡𝑝
𝔡𝑧
+ ƿ𝑔𝑧 + µ(
𝔡2𝑣𝑧
𝔡𝑥2
+
𝔡2𝑣𝑧
𝔡𝑦2
+
𝔡2𝑣𝑧
𝔡𝑧2
)    
………….Equation 9 
The equation is quite complex and only in few situation can a numerical solution 
be achieved. CFD techniques are the primary approaches that use the Navier-Stoke 
equations to estimate numerical solutions for fluid flows. 
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B) Reynolds Number 
The Reynolds number is a dimensionless quantity that is essential to help 
predict the nature of flow. The Reynolds number is defined as the ratio of the 
inertial forces to viscous forces.  
                                  𝑅𝑒 = ƿ𝑉𝐷
µ
=
𝑉𝐷
𝑣
……………… Equation 10 
The Reynold’s number helps characterize flows into different flow regimes. 
These regimes are the laminar flow regime and the turbulent flow regime 
respectively. The laminar flow regime occurs at low Reynolds numbers less than 
2,300. Here the viscous forces are dominant, and the fluid motion is constant and 
smooth. As the Reynolds number increases between 2,300 and up to 4,000 the fluid 
flow enters its transitional state. In the transitional state, the property of the fluid is 
both laminar and turbulent. When the Reynolds number exceeds 4,000, the flow is 
in the turbulent flow regime. Here the inertia force is the dominant force. This force 
tends to produce vortices and other flow instabilities. Close this gap, split of 
sentences or paragraphs doesn’t make the work flow. It is understood that the 
turbulence can be induced in certain conditions with low Reynolds number. Fluid 
flows through geometries with high degree of momentum change due to sharp 
changes in the angles can induce turbulence in blood arteries and vessels even if 
the flow has a low Reynolds number and considered laminar. This is important 
because the LCA branches into smaller arterial vessels along the myocardium. 
C) Newtonian and Non-Newtonian Fluid 
Viscosity of Newtonian fluids is defined as the ration of the local shear velocity 
to the wall shear stress while for non-Newtonian fluids, the Carreau-Yasuda model 
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as reported by Carreau P. J., (1972) is used. This model considers the changes in 
the shear forces in the fluid at any given time.  
                                  𝜏 =  µ (𝑑𝑢
𝑑𝑦
)………………. Equation 11 
Where 
τ: shear stress [N/m3], du: change in flow velocity along the boundary [m/sec], dy: 
change in height above the boundary [m/sec], µ: dynamic viscosity of the fluid 
[poise]. 
D) Pulsatile Flow 
The heart is the main pumping station of the entire vascular system. The 
oscillating pressure during systolic and diastolic phases ensured blood leaves and 
enters the heart respectively. This oscillating pressure is what is responsible for the 
pulsatile nature of blood flow from the heart. Considering the pulsatile nature of 
blood flow the pressure gradient sinusoidal function was employed in the model for 
the current study. To reduce the complications of this study, parameters like the 
dampened flow during the diastolic phase, fluid-structure interactions which causes 
deformation in the longitudinal and circumferential directions were not included as 
part of the computational methods. 
Due to the location of the coronary artery and its high level of branching and 
bifurcations, the outlet boundary conditions were set to be flow split outlets. This 
is because previous study on the LAD and LCx branching reported by Jingliang et 
al., (2014) documented the ratio of blood flow into the two different main branches 
of the LCA.  
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E) Flow through Bifurcations 
 When fluid flow through a horizontal or vertical piping systems, the fluid 
gradually develops into a fully developed flow. When in the laminar regime, a 
parabolic velocity profile is formed for the fully developed flow. However, as the 
fluid encounters any sort of bend within the piping system, it loses this fully 
developed nature and exhibit a different flow behavior and the flow becomes 
unsteady as reported by Munson et al., (2010). This unsteadiness is undesirable 
within the vascular system, as it can result in high shear gradient and can recreate 
a substantial pressure deferential within the cross section of the vessel as reported 
by Suess (2015). 
 When high-density fluids like blood flows through a curved tube, the high 
inertia force creates a velocity distribution towards the walls of the curved tube. 
This is because the higher velocities of the fluid which is at the center, changes 
direction as it flows through the bifurcation. This behavior of the fluid is usually 
estimated based on the velocity distribution using the Dean’s number as stated by 
Elad et al., (2004). The Dean number is a function of the Reynolds number, inner 
diameter and outer diameter of the pipe. 
                                    De = Re√
r
R
…………………………….. Equation 12 
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Figure 3.1: Schematic of the Velocity Distribution as flow goes through a curve 
(Elad et al., 2004). 
The higher the Dean number, the higher the degree of flow towards the outer 
wall of the vessel. This change in pressure gradient at bifurcation can result to 
regions with counter-rotating vortices and recirculation. When a fluid encounters a 
bifurcation, there is a sudden expansion in the flow cross-sectional area. This 
expansion creates locations of elevated static pressure along the lower wall 
boundary as reported by Bharadvaj et al., (1982). The secondary flow developed at 
the bifurcation push the fluid towards the low wall resulting in momentum change 
towards the lower wall. The momentum change generated creates more regions of 
increased recirculation. 
The recirculation or oscillatory motion within the bifurcation cause further 
unsteady shear stress along the walls. According to Milner et al., (1998), the lower 
region of the wall experienced high shear rate while the higher region showed low 
shear rate. For this reason, it is very important to have a gradual angle of inclination 
at bifurcations.  The inclusion of gradual angle of inclination at bifurcations will 
not only; minimize flow separation, reduce the extent of recirculation and vorticity. 
Also, significant reduction in stagnation areas can trigger platelet activation and 
atherosclerosis formation at the bifurcations is observed. 
36 
 
 
 
 
3.4. CAD Modeling Approach 
 The idealized model of each of the LCA was created using SolidWorks 
2015 software. The idealized modeling interface provided a flexible option of 
exporting various file types of models in both 2-D and 3-D formats. For this 
research, 3-D solid system modeling and STL file exportation were the primary 
focus. 
The idealized geometries were created to take into consideration the take-
off angles of the LCA from the proximal inlet of the LCA to the distal outlets for 
the first four bifurcations of the LCA arterial network.  Figures 3.2 and 3.3 shown 
below are the visual references to some of the dimensions used to create the 
simulation and the 3-D representation of the LCA. The inlet diameter was set to be 
3.4mm for all the geometries. The diameter after every branch was set to be 2mm 
less than the proximal diameter. The take-off angles were modeled in relation to 
figure 3.2 shown below 
 
Figure 3.2: Model from which Idealized model was generated (LinkedIn 
slide share 2008) 
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A representation of the take-off angle and the branch angles labelled (a through e) 
are shown in Figure 3.3 below: 
  
 
 
Figure 3.3: Idealized geometry showing the take-off angles and branched angles 
of the LCA. 
 The take-off angles of the LCA was set to 110⁰, 120⁰, 140⁰, 145⁰ and 155⁰ 
respectively. The branch angles for every bifurcation were set to 65⁰, 70⁰, 73⁰ and 
80⁰ respectively for the different take-off angles.  The CAD geometries for the 
LCAs used for this study can be seen in the figures below: 
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Figure 3.4: Idealized CAD geometry of 110⁰ take-off angle of the LCA. 
39 
 
 
 
 
Figure 3.5: Idealized CAD geometry of 120⁰ take-off angle of the LCA. 
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Figure 3.6: Idealized CAD geometry of 140⁰ take-off angle of the LCA. 
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Figure 3.7 : Idealized CAD geometry of 145⁰ take-off angle of the LCA. 
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Figure 3.8: Idealized CAD geometry of 155⁰ take-off angle of the LCA. 
3.5. CFD Modeling Approach 
After the CAD models were created, the 3-D representations (STL files), 
were exported into STAR-CCM+ version 11.0 by CD-Adapco. The software was 
used to perform the fluid flow analysis on the solid CAD model.  The software 
executed the analysis by discretizing the solid CAD files into a system of polyhedral 
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mesh cells. Presented in table 3.2 below are the continuum selected and 
corresponding values of the mesh continuum selected for the models  
Table 3.2: Continuum and reference values selection for LCA 
Continuum Setting Value 
Surface Wrapper   
Surface Remesher Relative Minimum Size 0.0001m 
Advancing Layer Mesher Number of Prism Layers 20 
 
In the meshing continuum, Surface Wrapper and Surface Re-mesher were 
selected for all the model simulations. Surface Wrapper enclosed the entire CAD 
models and help improved surface quality in the CAD models while the Surface 
Re-mesher helped improve the quality of the cells generated in the volume mesh 
created from a high-quality surface mesh as reported in CD-Adapco User Guide 
(2014). The advancing layer Mesher was also selected to generate the volume mesh 
because it created a high intensity near boundaries refinements and generated 
polyhedral core mesh used for complex geometries. The Advancing Layer Mesher 
is also recommended for situation where there are turbulence or induced turbulence 
effect in the flow.  Advancing Layer Mesher helped in the analysis of the numerous 
near-wall hemodynamics experienced because of the turbulence.  
The mesh sizes were selected based on iterative approaches. The relative 
target size of 1mm and a relative minimum size of 0.1mm for the mesh refinement 
were used for this study.  To validate the refined mesh, studies of (Les et al., 2010; 
Kung et al., 2011) were considered for their mesh refinement and compared with 
the mesh refinements used in this study.  
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The number of prism layers was selected to estimate the near-wall 
hemodynamics effect of the blood flow in these simulations. This created thin cells 
layers near all the boundaries of the geometries which   helped to maximize the 
accuracy when evaluating the parameters of the near-wall locations. Based on prior 
literature, the mesh was set to 20 prism layers to provide high fidelity evaluation 
when analyzing the wall shear stress parameters. The physic continuum was 
selected to set up blood flow properties through each of the LCA geometries. The 
physics continuum used for each LCA simulation is shown in table 3.3 below:  
Table 3.3: Physics Continuum selections and sub-selections for the LCA 
simulations 
Continuum Sub-Selection 
Three- Dimensional Gradients 
Segregated Flow Constant Density 
Implicit Unsteady  
Laminar  
Gravity  
 
The physics continuum selected was chosen to best model the nature of 
blood flow in the LCA. The three-dimensional and liquid continuum is a constant 
characteristic of the models. The liquid was set at constant density because of the 
incompressible nature of blood. The systems were set to have segregated flow so 
that the solutions can be solved individually not simultaneously. This will enable 
the velocity and pressure components to be solved separately. The simulations were 
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set to run in the transient state due to the pulsatile nature of blood flow from the 
heart throughout the cardiac cycle. The implicit unsteady solver was selected 
because it is supplementary with the segregated flow regime. From the geometry 
of the LCA, the flow was determined to have induced turbulence because of the 
sharp change in momentum caused by the branch arterial network of the LCA. 
These branches pull flow abruptly off the LAD. The Reynolds number can be 
calculated mathematically as shown: 
𝑅𝑒 =
𝐷 ∗ 𝑉 ∗ 𝜌
𝜇
 
At peak flow,  
𝑅𝑒 =
0.0034 (𝑚)∗0.047(
𝑚
𝑠
)∗1050(
𝑘𝑔
𝑚3
)
0.0046 (𝑁
𝑠
𝑚2
)
  = 43.2 
Where  D: diameter of vessel,  
V: velocity of flow,  
ρ : density of blood,   
µ : dynamic viscosity of blood. 
 
Since the Reynold’s number was shown to be in the laminar region. For this reason, 
there would not be significantly induced turbulence in the branches of the LCA, so 
the laminar continuum model was selected. The fluid continuity, momentum and 
the laminar residuals of the second order Navier-Stokes equation were used to 
analyze the convergence criteria for each of the simulations. The geometry of the 
LCA used for this study had six outlets. The six different outlets pull blood in 
different directions along the LCA. The flow in the LCA was pulsatile and transient 
so the need to carry out iterative analysis on the change in the characteristics of the 
blood as it goes through the LCA was necessary. The residual gave an iterative 
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result of the fluctuation in the system for every iteration in a time step.  The smaller 
the residual values, the steadier the solution achieved at that time step. For this 
study, the convergence was set to be ideal when the residual was below 0.01 
uncertainty value. 
3.6. Properties of Blood 
To run the simulation, it is important to best replicate the properties of blood 
flow through the LCA. The standard properties of blood used for the simulation 
were taken from those reported by Elad D. et al., (2004).  Presented on table 3.4 
below are the properties of blood used for this study. 
Table 3.4: Summary of fluid characteristics used in LCA simulations 
Characteristics Value Note 
Blood Density 1,050kg/m3 Slightly denser than 
water 
Blood Dynamic 
Viscosity 
0.004Pa-s Approximately 4times 
greater than the viscosity 
of water 
Peak Volumetric Flow 
Rate 
0.05L/min Flow through the LCA 
Peak Mass Flow Rate 0.00084kg/s Flow through the LCA 
Peak Inlet Velocity 0.047m/s Flow through the LCA 
Peak Flow Reynolds 
Number 
43.2 Laminar flow regime 
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Nicholas et al., (2011) conducted a study on blood flow in arteries and 
reported that due to sizeable particles in the plasma there is an effect of shear-
dependent properties on the blood. Though the viscosity of blood is not constant it 
varies with the location in the body system. The observed variation in blood 
viscosity was strongly attributed to shear-thinning characteristics in blood. 
However previous research works conducted have shown that for diameters less 
than 1mm blood is considered as non-Newtonian. These diameters can be found in 
capillaries and arterioles where nutrient exchange and conversion occurs. For this 
study, the minimum diameter in the LCA geometry was 2.4mm, so the blood was 
assumed to be Newtonian. This will provide the best computational analysis for the 
LCA. The blood density and dynamic viscosity were set to be constant at 
1,050kg/m3 and 0.0046Pa-s as reported by Elad et al., (2004) for all simulations 
used in this study. 
 The variation in the amount of blood can change over time and the activities 
of a person can have an influence on the amount of blood flow to different parts of 
the blood as reported by (Dorfler 2000 and Scheel et al., 2000), and. For instance, 
during exercise, because there is more need for oxygen and nutrient in the muscles, 
there is more blood flowing through the cardiovascular system and more blood 
supplied to the coronary arteries. This is because the heart will need to pump more 
blood to meet the demand of other systems.  Variations exist in blood flow rates for 
someone exercising or just completed exercise and that who is resting or sleeping. 
In the light of the variation in blood flow rates, some assumptions have been made 
to simplify and replicate the waveform for two cardiac cycles. For this simulation, 
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the waveform of a person resting was considered. The average flow rate of 
0.0471L/min was selected for all the simulations. This translated to a peak mass 
flow rate of 0.0018kg/sec for a middle age man at rest. 
3.7. Boundary Conditions 
As stated previously, the peak flow rate of 0.0471L/min through the LCA 
was used for each of the simulations used in the current study. The transient, 
pulsatile waveform used f was from the waveform reported (Ufuk et al., 2009) for 
one cardiac cycle of the LCA. The waveform was then repopulated to give two 
cardiac cycles.  
 
Figure 3.9: Left coronary artery inlet waveform used for the simulations. Ufuk et 
al. (2009). 
 To represent and replicate the pulsatile and transient nature of blood flow 
through the LCA in the CFD simulation, the inlet of the LCA was set as a mass 
flow inlet. After the mass flow plots, have been generated, the pulsatile numerical 
table was imported into STAR CCM+ as a (csv file). Then in the software, the 
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constant mass flow was changed to the pulsatile tabular data provided, provided the 
pulsatile nature of blood flow into the inlet of the LCA.  
 The different branches of the LCA were set to be flow-split outlets 
respectively. From the boundary conditions, the reverse flow phases that occurs in 
the blood vessel is accounted for in the simulations. Also, from previous research 
by Jingliang et al., (2014), the flow-split ratio for LAD and LCx was assigned. But 
because the flow through the different branches on LAD is not constant because of 
different arterial geometrical networks variation form person to person in LCA, the 
average blood flow into LAD was assigned to each of the other outlets of the 
branches. This boundary condition also considered the possibilities of reverse flow 
in the LCA.    Due to the short nature of the reverse flow phase, reducing the overall 
flow to zero provided similar high-resistance effect as reported by Suess (2015). 
The flow-split used are shown in the table 3.5 below: 
Table 3.5: Flow-split ratios of the boundary conditions 
Boundary Regions Boundary Conditions 
LCA Inlet Pulsatile Mass flow 
LCx Outlet 29 flow-split percentage 
LAD Outlets (5 Outlets) 14.2 flow-split percentage each 
 
For the walls, rigid walls with no-slip boundary conditions were assigned 
to account for friction experienced on the walls of the vessel. This is because it is 
less complex to carry out computational analysis of the LCA.  Additional boundary 
movement of the wall can be assigned to replicate the reaction of the walls due to 
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pulsatile nature of flow and movement of the heart during diastolic and systolic 
phases of blood circulation. Application of this technique required more 
computational techniques and   advanced level of modeling.  
 Figure 3.10 below show the blood flow waveform through LCA, LAD and 
LAD outlets. This waveform was populated after the flow split conditions have 
been applied. 
 
Figure 3.10: LCA Outlet waveforms recreated with Excel for the primary 
branches of the LCA (Ufuk 2009). 
3.8. Parameters for current study 
 The different parameters evaluated for this study are explained further in 
this section. These parameters evaluated can be used to determine the areas in the 
LCA that are prone to plaque buildup, atherosclerosis formation, and endothelial 
damage. 
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a) Time-Average Wall Shear Stress 
Time-Average Wall Shear Stress (TAWSS), is the average of the wall shear 
stress experienced in the walls of the LCA for a period of one cardiac cycle as 
reported by Lee et al. (2009). TAWSS has its unit in Pascal (Pa). 
                   TAWSS =(1
𝑇
)∫ |𝜏𝑤|
𝑇
0
𝑑𝑡 ………….Equation 14 
This parameter is very important in blood flow through the arteries because it is 
used to evaluate the extent of damage or inactivity in the vessel wall. TAWSS is 
desirable between the ranges of 0.4 Pa to 7.0 Pa.  
A region with a TAWSS less than 0.4 Pa, means that there is little or no flow 
throughout that pulse due to stagnation or vorticity as stated by Malek et al., (1999). 
This low TAWSS has been reported by Suess (2015) to result in delayed nutrient 
renewal and waste product removal in these areas. In addition, this condition can 
prompt the formation of white blood cells and plaque, and can result in clot 
formation. 
On the contrary, high TAWSS greater than 7.0 Pa can result in vessel damage, 
plaque rupture and thrombosis as stated by Nordgaard et al., (2010). According to 
Suess (2015), accumulation of white blood cells and break off lipid from the arterial 
wall is the main cause of plaque rupture. This break off plaque can flow in the blood 
system into smaller vessels and cause blockages. This can result in stroke, heart 
attack and fatality.  
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b)  Oscillating Shear Index 
Oscillating Shear Index (OSI) is a unit less parameter used to evaluate the 
unsteadiness and fluctuation mostly in the near wall boundaries of a blood vessel.  
OSI = (
1
2
) [1 − (|∫ 𝜏𝑤𝑑𝑡
𝑇
0
| / ∫ |𝜏𝑤|𝑑𝑡)]
𝑇
0
……Equation 15 
Lee et al., (2009) defined OSI as the measure of the oscillation in the direction of 
the wall shear stress experienced during blood flow. The values of the OSI are 
usually estimated on a scale of 0.0 to 0.5. The flow is unidirectional when the OSI 
is 0.0 (ideal flow) and when it is 0.5, it is fully oscillatory. He et al., (1996), reported 
that regions in the blood vessel or arterial walls experiencing a coincidence of high 
TAWSS and an OSI greater than 0.3, would be prone to endothelial cell growth. 
Also, regions with low TAWSS and high OSI will be susceptible to plaque build-
up. Suess (2015) reported that locations where high OSI and low TAWSS occur 
cannot be conclusively said to be thrombosis prone regions instead the cross- 
sectional profile of the velocity of the blood flow should be further evaluated for 
more accurate diagnosis. 
c) Relative Residence Time 
 Relative Residence Time (RRT) is a parameter used to estimate and 
quantify the areas of minimal flow and stagnation along arterial vessels. The unit 
of RRT is the inverse of stress (m2/N).  
              RRT = 
1
(1−2∗𝑂𝑆𝐼)∗𝑇𝐴𝑊𝑆𝑆
 …………. Equation 16 
It quantifies the contact time of blood particles with the vessel wall as reported by 
Soulis et al., (2011). During blood contact with the vessel wall, there is exchange 
of nutrient and removal of waste so the RRT quantifies the extent of these processes 
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along the regions of the arterial walls. It is reported by Tu et al., (2015) that RRT 
values greater than 10m2/N can lead to accumulation of different substances on the 
walls of the arteries. Consequently, resulting in further damage of the artery surface, 
aneurysm formation and can also result in platelet activation and platelet 
aggregation in the blood vessel. 
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CHAPTER  4: RESULTS AND DISCUSSION 
 
The results for the different take off angles of the LCA are presented in this 
chapter. All the visual analyses were performed for the following take off angles; 
110⁰, 120⁰, 140⁰, 145⁰, 155⁰ angles at a branch angle of 73⁰ respectively.  Results 
for other branch angles; 65⁰, 70⁰, 80⁰ are also presented and discussed. These 
results for branch angles simulations were used to provide evidence of the changes 
in the different parameters studied as branches changed relative to take-off angles.  
Specifically, this study focused more on how take-off angles of LM can affect the 
flow of blood in the branches of the LAD in the coronary arterial network. These 
simulations were run for two cardiac cycle for all the geometries studied. The peak 
mass flow was used to generate the maximum velocity in two cardiac cycle for 
velocity visualization. 
4.1. Velocity Profile across Cardiac Cycle 
 The velocity profile of the fluid through the LCA was monitored for the 73⁰ 
branch angle simulations are presented in Figures 4.1 and 4.2. The reasons for this 
analysis were to quantitatively analyze the region where there is flow separation, 
flow redevelopment and momentum change occurrence in LCA. The velocity 
vectors in LCA were compared and the velocity vector between LAD and LCx, 
through the first LCA arterial bifurcation was also displayed. 
The peak mass flow of the simulation is the highest amount of blood flow 
through the LCA in one cardiac cycle at a time step. The velocity streamlines were 
used to provide a visual analysis of the peak flow at the systolic phase of blood 
circulation in the LCA for the simulations. These streamlines provided potential 
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analyses of the areas of LCA with potential changes in velocity. It can also be used 
to monitor areas were the likelihood of induced turbulence can develop. In addition, 
the bifurcations can be analyzed to determine potentials of flow separation and flow 
redevelopment.  
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.1: Streamlines at peak blood flow for each of the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.2: Streamlines at peak blood flow for each of the LCA geometries. 
From the visual display, the velocity profile across the different geometries 
was mostly uniform.  Highest velocity value of 0.189m/s was experienced at the 
inlet of the LCA irrespective of the different take-off angles. The velocity profile 
was similar for all bifurcations. Also, the highest velocity was experienced along 
the main body of the LCA while the velocities in the branches are lower.  
4.2. Near-Wall Hemodynamics Parameters 
The near-wall hemodynamics parameters assessed were OSI, TAWSS and 
RRT. The results of plots for OSI, TAWSS and RRT are shown in figures 4.3 and 
4.4 respectively. From the results, elevated OSI were observed to be concentrated 
at the bifurcations. The OSI for 110ᵒ take-off angle showed greater concentration 
at LAD and LCx bifurcation when compared to the other take-off angles. As the 
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velocity develops through the LAD, the OSI at the branches began to decrease.  
Figure 4.3 below depicts OSI visuals of the different geometries. 
 
  
110⁰ 120⁰ 140⁰ 
 
 
 
Figure 4.3: OSI plot for the LCA geometries. 
 
 
 
145⁰ 155⁰ 
 
 
Figure 4.4: OSI plot for the LCA geometries. 
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Although, the highest concentration of TAWSS was recorded at the inlet of 
the LM, the values of the TAWSS showed approximately 27% decrease from the 
110⁰ and 155⁰ take-off angles. From the scalar visualization, TAWSS increases 
gradually along the LAD and had the least concentration in all the branches. This 
observation of low TAWSS in the LCA branches can strongly be attributed to the 
drop in the velocity at the branches and the uniform distribution of the velocity at 
LAD after LAD and LCx bifurcation. Figures 4.5 and 4.6 below show the TAWSS 
visuals for geometries: 
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.5: TAWSS plot for the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.6: TAWSS plot for the LCA geometries. 
 The RRT measured were observed to be concentrated at the branches’ 
bifurcations. Blood particles spend longer time at the walls because of the high 
velocity experienced at the inner curvatures of the artery. The RRT was highest for 
110⁰ and lowest for 155⁰ take-off angles. The percentage decrease in the values of 
RRT greater 10 was approximately 36% for the two extreme take-off angles. These 
areas with high RRT can create obstruction to blood flow and causes higher 
acceleration of blood in near-by areas of the blood vessel. 
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110⁰ 120⁰ 140⁰ 
 
 
Figure 4.7: RRT plot for the LCA geometries. 
  
145⁰ 155⁰ 
 
 
Figure 4.8: RRT plot for the LCA geometries. 
 The uneven blood flow distribution experienced in the branches can 
increase the level of flow separation near the upper wall regions of LAD and LCx 
bifurcations. This can result to increase in the TAWSS and potentially high OSI 
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and RRT at the upper regions of the bifurcations. The upper region of the first 
bifurcation between the LAD and LCx has a combination of high RRT, OSI and 
low TAWSS. Such observation could result in thrombus formation and clotting. 
Presented in table 4.1 are the threshold data for the different take-off angles at 73⁰ 
branching. The different take-off angles showed considerable similarity in the 
threshold data for parameters considered. From the current study, it was observed 
that the threshold TAWSS < 0.4 Pa was highest (41.78%) at 155⁰ take-off angle. 
There was minimal difference in the percentage area of OSI between the take-off 
angles. However, the take-off angle of 110⁰ had the highest value (1.89%) of OSI, 
while the take-off angle of 155⁰ and lower OSI values of 1.38 and 0.74%, at OSI 
<0.2 and <0.3 respectively, indicating steady and unidirectional flow. The 110⁰ 
take-off angle had the highest values (2.58%) of the RRT, while 155⁰ take-off angle 
had the lowest value (1.66%). There was no difference in the TAWSS greater than 
7.0 Pa. 
Table 4.1: Threshold data for the different take-off angles for the 73⁰ branch 
Take-off 
Angles(º) 
OSI 
> 0.2 (%) 
OSI 
> 0.3 (%) 
TAWSS 
<0.4 (%) 
TAWSS 
>7.0 (%) 
RRT 
>10 (%) 
110 1.89 1.22 35.95 0.13 2.58 
120 1.43 0.79 34.90 0.13 2.33 
140 1.74 0.85 34.21 0.13 2.55 
145 1.53 0.79 33.63 0.13 2.17 
155 1.38 0.74 41.78 0.13 1.66 
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The different take-off angles were analyzed to compare the extent of 
variations in the parameters studied.  Figures 4.9, 4.10, 4.11 and 4.12 respectively 
shows the OSI plots for 65⁰, 70⁰, and 80⁰ branch angles in the LCA geometries. The 
OSI for the different take-off angles for different branches were observed to be 
concentrated at the different inlet of the branches, while LAD and LCx bifurcations 
had higher values for OSI at the different branches.  
From the results, at 65⁰ branch angle the OSI > 0.2 obtained at 110⁰ take-
off angle was 1.89%, subsequently increase in the take-off angles from 110⁰ to 120⁰ 
led to a decrease in OSI by 17.98%. Further increase in take-off angles to 140⁰, 
145⁰, 155⁰ consequently resulted in the OSI values decreasing by 13.76%, 21.1% 
and 13.76% respectively. 
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.9: OSI plots for the 65⁰ branch angles in the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.10: OSI plot for the 65⁰ branch angles in the LCA geometries. 
 
 
  
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.11: OSI plot for the 70⁰ branch angle in the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.12: OSI plot for the 70⁰ branch angle in the LCA geometries. 
 
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.13: OSI plot for the 80⁰ branch angle in the LCA geometries 
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145⁰ 155⁰ 
 
 
Figure 4.14: OSI plot for the 80⁰ branch angle in the LCA geometries 
From the results, at 65ᵒ branch angle the TAWSS < 4.0 Pa obtained at 110⁰ 
take-off angle was 36.32%, subsequently increase in the take-off angles from 110⁰ 
to 120⁰ led to a decrease in TAWSS by 3.5%. Further increase in the take-off angles 
to 110⁰, 145⁰, and 155⁰ consequently resulted in the OSI values decreasing by 
2.61%, 7.0% and 5.42% respectively. The TAWSS value > 7.0 Pa was 0.13%, and 
the same for all the geometries. 
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110⁰ 120⁰ 140⁰ 
 
 
Figure 4.15: TAWSS plot for the 65⁰ branch angle in the LCA geometries. 
  
145⁰ 155⁰ 
 
 
Figure 4.16: TAWSS plot for the 65⁰ branch angle in the LCA geometries. 
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110⁰ 120⁰ 140⁰ 
 
 
Figure 4.17: TAWSS plots for the 70⁰ branch angle in the LCA geometries. 
 
  
145⁰ 155⁰ 
 
 
Figure 4.18: TAWSS plot for the 70⁰ branch angle in the LCA geometries. 
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110⁰ 120⁰ 140⁰ 
 
 
Figure 4.19: TAWSS plot for the 80⁰ branch angle in the LCA geometries. 
 
  
145⁰ 155⁰ 
 
 
Figure 4.20: TAWSS plot for the 80⁰ branch angle in the LCA geometries. 
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For the RRT, at 65⁰ branch angle the RRT >10 (1/Pa) obtained at 110ᵒ take-
off angle was 2.66%, subsequently increase in the take-off angles from 110⁰ to 120⁰ 
led to a decrease in RRT by 7.1%. Further increase in the take-off angles to140⁰, 
145⁰ and 155⁰ consequently resulted in the RRT values decreasing by 5.63%, 
21.4% and 13.90% respectively. 
 
  
 
 
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.21: RRT plot for the 65⁰ branch angle in the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.22: RRT plot for the 65⁰ branch angle in the LCA geometries. 
 
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.23: RRT plot for the 70⁰ branch angle in the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.24: RRT plot for the 70⁰ branch angle in the LCA geometries. 
 
   
110⁰ 120⁰ 140⁰ 
 
 
Figure 4.25: RRT plot for the 80⁰ branch in the LCA geometries. 
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145⁰ 155⁰ 
 
 
Figure 4.26: RRT plot for the 80⁰ branch in the LCA geometries 
The overall threshold data for the different simulations are tabulated below 
for comparison. 
Table 4.2: Threshold data for the different take-off angles for the 65⁰ branch 
Take-off 
Angles (º) 
OSI 
> 0.2 (%) 
OSI 
> 0.3 (%) 
TAWSS 
<0.4 (%) 
TAWSS 
>7.0 (%) 
RRT 
>10 (%) 
110 1.89 1.13 36.32 0.13 2.66 
120 1.55 0.92 35.05 0.13 2.47 
140 1.63 0.94 35.37 0.13 2.51 
145 1.49 0.85 33.77 0.13 2.09 
155 1.63 0.89 34.35 0.13 2.29 
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Table 4.3: Threshold data for the different take-off angles for the 70⁰ branch 
Take-off 
Angles (º) 
OSI 
> 0.2 (%) 
OSI 
> 0.3 (%) 
TAWSS 
<0.4 (%) 
TAWSS 
>7.0 (%) 
RRT 
>10 (%) 
110 1.72 1.03 35.22 0.13 2.48 
120 1.47 0.81 35.43 0.13 2.25 
140 1.56 0.83 34.97 0.13 2.34 
145 1.26 0.72 33.63 0.13 1.85 
155 1.40 0.71 34.00 0.13 2.01 
 
Table 4.4: Threshold data for the different take-off angles for the 80⁰ branch 
Take-off 
Angles (º) 
OSI 
> 0.2 (%) 
OSI 
> 0.3 (%) 
TAWSS 
<0.4 (%) 
TAWSS 
>7.0 (%) 
RRT 
>10 (%) 
110 1.41 0.98 36.24 0.13 2.37 
120 1.51 0.96 35.24 0.13 2.31 
140 1.65 0.86 34.86 0.13 2.45 
145 1.39 0.71 33.91 0.13 1.97 
155 1.38 0.74 32.73 0.13 2.00 
 
From the evaluation of the different take-off and branch angles, there was 
no significant variation in TAWSS < 4.0Pa and that of TAWSS > 7.0 Pa for all the 
geometries. The different branches had regions with high RRT and high OSI 
concentrated at the upper walls of the bifurcations. From the OSI screenshots, some 
patches of high OSI occurred around the neck of the branches between LAD and 
LCx. The TAWSS was observed to be high at distal section of LAD but low at the 
different branches. Therefore, it is right to say that in LCA arterial network used for 
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this study, the inlet regions into the branches have high OSI, TAWSS and RRT. But 
in LAD, combination of high TAWSS, low RRT and OSI were observed.  
As stated earlier, combination of low TAWSS and elevated OSI and RRT 
can cause extended formation of thrombosis and blood flow restrictions in the LCA. 
The combination of the different parameters makes the LCA not only prone to 
thrombosis formation also plaques build up, rupture and clotting. The high velocity 
profile and TAWSS along the LAD can propagate endothelial damage on the walls 
of the LAD and prompt the formation of clots at bifurcations with elevated OSI. 
4.3. Statistical Analysis 
A statistical analysis was carried out to determine the deviation of the 
different parameters from the mean values. The mean and standard deviation for 
the different threshold values of the different parameters. The different take off 
angles were plotted against the different threshold values using a regression line. 
From the mean expression, 
?̅?𝑖 = ∑(
𝑋𝑖
𝑁
) ……………….. Equation 17 
Where Xi is the samples and N is the total numbers of samples 
The OSI mean values for the threshold are calculated and presented in the table 4.5 
below. 
Table 4.5: Standard Deviation Values of the OSI for the different take off angles 
Take-off Angles 
Parameters 110⁰ 120⁰ 140⁰ 145⁰ 155⁰ 
OSI > 0.2 0.0066 6.16E-4 0.0235 0.00330 0.00190 
OSI > 0.3 0.0094 2.45E-6 2.45E-6 0.00224 0.00214 
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The TAWSS mean values for the threshold are calculated and presented in the table 
4.6 below. 
Table 4.6: Standard Deviation Values of the TAWSS for the different take off 
angles 
Take-off Angles 
Parameters 110⁰ 120⁰ 140⁰ 145⁰ 155⁰ 
TAWSS < 
0.4 
0.1460 0.0012 0.0102 0.3607 0.0812 
 
The RRT mean values for the threshold are calculated and presented in the table 
4.6 below. 
 
Table 4.7: Standard Deviation Values of the RRT for the different take off angles 
Take-off Angles 
Parameters 110⁰ 120⁰ 140⁰ 145⁰ 155⁰ 
RRT > 10 0.0126 9.00E-4 0.0072 0.0128 0.0160 
 
The deviation plot from the mean for the OSI, TAWSS and RRT are shown in the 
Figures 4.27, 4.28 and 4.29 respectively.  
 
 
Figure 4.27: Deviation plot for OSI > 0.2% threshold 
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Figure 4.28: Deviation plot for OSI > 0.3% threshold. 
 
Figure 4.29: Deviation plot for TAWSS < 0.4% Pa threshold. 
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Figure 4.30: Deviation plot for RRT > 10% 1/Pa threshold. 
4.4. Validation and Verification 
Validation is the process of determining the degree to which a model or a 
simulation is an accurate representation of the real situation from the perspective of 
the intended uses of the model or the simulation – (American Society of Mechanical 
Engineering Verification and Validation Guide -ASME V&V 10-1-2012). 
Verification is the process of confirming that a computational model accurately 
represents the underlying mathematical model and its solution from the perspective 
of the intended uses of modeling and simulation – (American Society of Mechanical 
Engineering Verification and Validation Standard-ASME V&V 20-2009). 
It is necessary to validate and quantify the results from computational 
simulations. There have been research works on how best to validate computational 
dynamics results. This validation is more difficult in biomedical-related models as 
stated by McHale. et al., (2009). The need to validate computational model is of 
high importance to the FDA.  
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The main purpose of verification and validation is to significantly reduce 
uncertainty and inconsistencies in results. Uncertainties in a simulation can either 
be controllable or uncontrollable. For current study, induced uncontrollable 
uncertainties were not of much importance because an idealized geometry was used. 
Uncontrollable uncertainty was noticed mostly in actualized geometry due to 
patient-to-patient anatomical variation according to (Kulkarni 2015). The other 
form of uncertainty is the controllable uncertainty. This is based on simulation set 
up, assumptions, boundary conditions, mesh sizes and the different geometries 
being tested. 
There is paucity of comprehensive and viable experimental data to validate 
results of hemodynamics of coronary arteries. The validation of this work was 
carried out by comparing with some validated studies. The results from current 
study were also compared with that of Katrin et al., (2012), who studied the three-
dimensional flow patterns in the upper human airways.  Katrin et al., (2012) 
concluded that the flow accelerated ahead of the bifurcations and there was small 
deviation in the velocity profile. This resulted in higher velocity gradient near the 
wall in the PIV measurements. In addition, Katrin et al., (2012) found that the 
velocity at upstream of the geometry does not influence the downstream flow 
pattern. The authors stated that at each of the bifurcations, vortex structures were 
generated based on geometrical variation.  
The experimental validation analysis from the PIV measurement was similar 
to results obtained in this study. The bifurcations showed different vortex structures 
and geometries variation could also affect these parameters. Also, the flow was 
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observed to accelerate just before the bifurcations.  At the   bifurcation, velocity of 
flow was noticed to be lower towards the outer wall and was higher at inner regions 
of the branches after the bifurcation. This was evident in the velocity profile vector. 
The comparison of the experimental PIV and geometries studies used for this study 
is shown below:  
 
 
b) 
 
Figure 4.31-Velocity contours and profile for a) PIV results (Katrin, 2012), b) 
simulation results 
From figure 4.31 shown above, the simulation results showed high amount 
of flow going through the LAD instead of the LCx. This was due to the flow split 
boundary condition set up for the different outlets. Results from this study were 
compared with research findings (Jingliang et al., 2014; Suess et al., 2015). A well 
detailed mesh analysis and refinement were performed in the simulation and 
compared with similar converged validated computational fluid models. For the 
different geometries, identical sets of meshing, physic continuum and fluid 
properties were assigned. This was set to reduce the amount of variation in the 
LA
D 
LCx 
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different test cases. All assigning   were put in place to reduce to the minimum the 
chances of controllable uncertainties. 
Uncertainties in the field of computational modeling of blood flow in 
arteries can be induced in the vessel walls. This is referred to as fluid-structure 
interaction. In this situation, the material properties of the vessel wall and the 
interaction between the fluid, vessel walls and the motion of the heart with respect 
to the LCA are modelled in the simulation set-up. However, making use of these 
tools required advance knowledge of the interfaces. 
4.5. Summary of the Study 
   The following guidelines were adhered to   in the analysis   of geometry 
for computational fluid analysis, evaluation of hemodynamics and near-wall 
parameters, which are required to understand the likelihood of potential dangers in 
blood vessels. 
i. Run the simulation for all the different take-off angles and branch angles of 
the LCA using the boundary conditions. 
ii. Create overall flow streamline plots of the different geometries and vector 
velocity plots for the LC showing the different branches. 
iii. Generate OSI, TAWSS, and RRT plots for the geometries. 
iv. Defined areas in the geometry where there are combinations of low TAWSS, 
high OSI and high RRT on the LCA geometries studied. 
v. Evaluate the potential clot regions and areas prone to recirculation and flow 
stagnation. 
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4.6. Discussion 
The focus of this research was to understand and evaluate flow dynamics and 
near-wall hemodynamics of the LCA. The near-wall hemodynamics parameters 
studied were important to determine potential locations of the following conditions; 
endothelial damages, atherosclerosis formation and plaque buildup in the 
bifurcations of LCA that trigger CAD. The conditions strongly linked to blood flow 
behaviors which are flow separation, stagnation and reversal through the LCA. The 
combination of these flow behaviors   most often than not have the tendency to 
increase the degree of atherosclerosis and plaque formation and plaque buildup in 
LCA and its branches. The results demonstrate that variations of the branch angles 
influenced the artery hemodynamics. The wider angles models caused the LCx side 
bifurcation shoulder to have lower shear stress and high OSI during the whole 
cardiac cycle.  Lower shear stress and high OSI observed during the whole cardiac 
cycle can be attributed to regions of wider bifurcate which experienced low 
vorticity with a flow that is almost unidirectional. According to Suess (2015), the 
areas in the geometry that have combination of low TAWSS, high OSI, and high 
RRT are the most likely region where problems can begin to develop. Thrombosis 
formation in these regions may not be immediately dangerous because these areas 
do not have contact with blood. 
The observations in this study were to correlate the regions in the LCA 
geometries that have the potentials and permeability to cause danger and risk. 
Comparing the different geometries used for this study, it was observed that OSI 
plots remained relatively similar. This showed that OSI formation and location is 
independent of different take-off angles considered for this study. The TAWSS also 
82 
 
 
 
had similar profile for different take-off angles assayed. The RRT parameter 
showed differences in the different branches for the take-off angles which were not 
significant. 
Thrombosis formation and clot buildup can be attributed to the combination of 
these OSI, TAWSS and RRT at different locations on LCA. The areas with a 
combination of high OSI and low TAWSS are region prone to thrombosis 
formation. Suess (2015) reported that areas with high OSI do not have a potential 
of thrombosis or plaque formation immediately because it can result in higher flow 
rates and wall shear stress. Though the behavior of the LCA during exercise and 
physical activities were not simulated for this study, but with an increase in the 
blood flow, the areas with plaque buildup can experience high blood flow 
recirculation and stagnation. This will promote plaques formation and increase wall 
shear stress at the inlet of the LCA.  
Increase in the wall shear stress can cause the LCA to have endothelial damage 
at the inlet and aneurysm development at the aortic root. Also, endothelial cells 
which constitute part of vasculature of the LCA, can be disrupted resulting in 
endothelial dysfunction. The findings from current study corroborate with that of 
Lerman et al., (2005), who asserted that endothelial dysfunction can promote early 
and late stages of atherosclerosis.  The vessel walls experience two major 
hemodynamic forces; the fluid shear stress is parallel to the vessel due to the blood 
frictional force. The other force is the tensile stress which is normal to the vessel.  
Tensile stress force is caused by the blood pressure in the vessel as reported by 
Hahn et al., (2008). The fluid shear and tensile stresses are important to maintain 
83 
 
 
 
blood flow homoeostasis in LCA vessel. Ku et al., (1985) stated that when blood 
vessels are subjected to distributed flows, it could trigger pro-inflammatory 
phenotype.  This consequently resulted in low mean shear stress and high OSI in 
cells affected by this inflammation. Therefore, a low mean shear stress and higher 
OSI in the direction of the wall shear stress can lead to the development of 
atherosclerosis. The muscles of LCA vessel which serve as second layer of the 
vessel respond to tensile stress. The tensile stress experienced in the vessel is 
dependent on the lumen and wall thickness of LCA as reported by Hahn et al., 
(2008).  Tensile stress on the wall can trigger the atherosclerosis formation and 
plaque. 
This study also provided the insights into the relationship between bifurcation 
angles and development of atherosclerosis and plaque formation.  Results from this 
study differ from results obtained when angiography procedure or stent graft repair 
techniques are used to correct atherosclerosis in the blood vessel. In a clinical study 
conducted, Sun et al., (2011) reported that the mean diameter of LCx in patients 
with bifurcation angles greater than 80ᵒwas significantly larger than that measured 
in patients with bifurcation angles less than 80ᵒsince wilder bifurcation angles are 
closely associated with atherosclerosis development, cumulating into coronary 
artery disease. In a related study, Kabinejadian et al., (2012) reported that the effect 
of arterial wall compliance on coronary artery can play vital role in numerical 
simulation of hemodynamics of blood flow which could assist clinicians in 
diagnostic purposes. 
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The results from this study agreed with the clinical evaluation reported by Sun 
et al., (2011). The authors asserted that Low TWASS and high OSI occurred at LCx 
and other branches downstream along the LAD. Also, high OSI was concentrated 
at the bifurcation shoulder for the different geometries with higher concentrations 
at wider-branch angle models. 
 Independent of the take-off angles, the branch regions of the vessels have 
been reported to be common sites of plaque formation and aneurysm. This 
observation was due to the complexity of the coronary arterial network and 
bifurcations. For this reason, angioplasty is employed to treat coronary artery 
blockage because coronary artery stenting could be difficult to achieve. Also, 
because of the nature of the coronary artery vessel walls, hemodynamics of the 
blood through the coronary artery and the motion of the heart during systolic and 
diastolic phases of blood circulation, makes it is difficult to use stent graft to treat 
the coronary artery disease.  
 From this study, we could ascertain that the different take-off angles have 
different implications on the parameters monitored. Increasing the take-off angles 
was found to have reduced the percentage of OSI value greater than 0.2. This might 
be because of increased unidirectional flow as the blood enters the coronary artery. 
Lending credence to the findings from the current is that of   Dong et al., (2014).  
Dong et al., (2014) concluded that the branch angulation strongly altered 
mechanical stress under the pulsatile nature of blood flow. Also, the authors further 
asserted that high tensile stress and low OSI occurring simultaneously at the LCx 
bifurcations in wider branch angles.  Dong also stated that mechanical and 
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hemodynamics are of great importance to clinicians to better understand the 
formation of atherosclerosis progression in coronary artery disease initiation and 
progress along the bifurcations of LCA in arterial networks. 
From the boundary conditions used for this study, locally reversed 
velocities occur during the systolic flow deceleration during the cardiac cycle at the 
outer and side walls of the LAD.  Perktold et al., (1987), asserted that in the systole, 
the walls of blood vessels are subjected to low and oscillating shear stress and in 
diastole, the direction of the instantaneous wall shear stress is aligned with the 
TAWSS. This finding of Perktold et al., (1987) could be the reason why low 
TAWSS was noticed at the different bifurcations along the LAD. The gravitational 
pull on the flow through LAD is greater than the gravitational pull experienced by 
flow through the LCx due to the different take-off angles of the LCA. 
 Atherosclerosis lesions in the LCA can be observed mostly in the outer 
walls at the bifurcations and along the inner walls of the curved arteries, similar 
trend was reported by Asakura (1990). They reported that the neck of the 
bifurcations of the LCx and LAD shows high values of OSI at the outer shoulder 
and some traces of high OSI in the curved regions of the bifurcations. These 
observations are also noticed in the other branches along the distal branches of the 
LAD. Though the thickness of the LCA was not considered in this study, Friedman 
et al., (1987), reported an inverse correlation between the wall shear stress and 
intimal thickness of the human coronary artery bifurcations. Lending credence to 
the findings of the current study is the report of He (1993). He (1993); asserted that 
an inverse relationship occurs between the occurrence of atherosclerosis lesion and 
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mean wall shear stress in human coronary artery bifurcations. This provided 
evidence that potential atherosclerosis buildup is likely to occur in areas with low 
TAWSS and high OSI. 
 It should be noted that some limitations in the CFD models used for this 
study did not include the physiological motions in the LCA, and the motion of heart 
during the systolic and diastolic phases of blood circulation. Also, despite the 
assumption that blood was modeled as Newtonian fluid, this approach limits the 
biological effects of prolonged contact of the blood flow with the cells of the 
vascular walls. Lastly due to lack of patient data and CT imaged-based coronary 
artery model, the current study was limited to the use of simplified idealized 
geometries. 
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CHAPTER  5: CONCLUSION AND FUTURE WORK 
 
5.1. Conclusions 
 The overall goal of this research was to use a commercially-available 
computational fluid dynamics (CFD) software to analyze the hemodynamics of the 
different take-off angles of the left coronary artery (LCA). Most of the research 
done previously evaluated the effect of the different angles of the left main and left 
circumflex bifurcations, with little or no interest directed towards the different take-
off angles of the left coronary artery. This study aims to understand how this 
variation in the take-off angles triggers the formation of plaque build-up know as 
atherosclerosis in the left coronary artery. It is important to understand the near-
wall hemodynamic parameters that are commonly used to evaluate the 
hemodynamics of the LCA. The motivation for this research comes from being able 
to analyses blood flow mechanics in the LCA and predict the location of 
atherosclerosis in the artery downstream the left anterior descending (LAD). 
 The focus of this study was to consider the different take-off angles and 
branch angles of the LCA. The 3-dimensional CAD models of the geometries were 
imported as surface meshes into the Star-CCM+ CFD software to run blood flow 
simulation. The boundary conditions used for these simulations considers the 
pulsatile nature of blood flow in the LCA within the cardiac cycle. The visual 
representations of the different results for the different geometries of the LCA can 
be compared after the simulations have been completed. 
 The field functions were set up to monitor the near-wall hemodynamics 
parameter in the LCA. The near-wall hemodynamics parameters evaluated were the 
Oscillatory Shear Index (OSI), Time-Averaged Wall Shear Stress (TAWSS) and 
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Relative Residence Time (RRT). The combination of these parameters along the 
LCA geometries can help identify the areas susceptible to atherosclerosis, 
aneurysm formation and endothelial damages. In addition, this research work took 
into consideration the basic fluid flow mechanics principles, flow characteristics 
through bifurcations, and the change blood flow downstream the LCA. 
 The different take-off angles studied in this study showed that there are no 
specific take-off angles of the coronary artery that is not susceptible to any form of 
coronary artery diseases. The different take-off angles showed different results for 
the parameters used to evaluate the causes of coronary artery diseases. The 140ᵒ 
had the highest values of RRT greater than 10% 1/Pa, OSI less than 0.2% and 0.3%, 
and TAWSS < 0.4% Pa. This shows that this take of angle is prone more to delated 
nutrient removal, blood clot and atherosclerosis formation when compared to the 
other take-off angles. The 145ᵒ take-off angles have the lowest values of the 
parameters studied. From this study, the 145ᵒ take-off angle will have a less 
possibilities of coronary artery diseases or blockages. While the 140ᵒ take-off angle 
will have increased risk of coronary artery blockage. 
 Finally, from the evaluation of the parameters studied for the different take-
off and branch angles for the LCA geometries used for this study, there was no 
significant difference in the location of high OSI, TAWSS, and RRT along the LCA 
geometries as the take-off angles changes. This is to say that irrespective of the 
different take-off angles, the bifurcations developed high OSI, low TAWSS and 
high RRT in all the LCA geometries studied. 
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5.2. Future Work 
 Future work for this study can continue to analyze different take-off angles 
but with actual patient data from topographic scans. In this situation, the 
hemodynamics of extreme geometries of the different take-off angles can be studied 
and monitored. The research can further be conducted in other parts of the body 
involving more complex arterial networks.  
 To further understand the responses of LCA, fluid-structure interaction 
(FSI) modeling can be included in the current study. The FSI model will take into 
consideration the expansion and contraction of the LCA during diastolic and 
systolic phases of blood circulation. 
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APPENDIX 
 
Instruction for Left Coronary Artery Simulations 
✓ Create the CAD model in SolidWorks. 
▪ Save the models created in ‘’. Stl’’ formats, 
✓ Import into Star-CCM+ CFD software 
✓ Use any of the split boundaries function in the software to create the 
boundaries: 
▪ Select different boundary conditions for the inlet and outlets 
▪ Select each coronary artery branch to have its own individual 
boundary 
▪ The main body of the stent-graft can be selected to have a 
single boundary 
✓ Mesh the model to the sized desired 
▪ Select Advancing Layer Mesher 
▪ Select Surface Remesher  
▪ Select Surface Wrapper 
▪ This research, along with past research, recommends a mesh 
“base size” less than or equal to 0.001m (“Relative 
Minimum Size” and “Relative Target Size” can be left at 
default values of 25% and 100% respectively) 
✓ Select the physics continuum desired:  
▪ Constant Density 
▪ Gradients 
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▪ Implicit Unsteady 
▪ Laminar 
▪ Liquid 
▪ Segregated Flow 
▪ Three Dimensional 
▪ Under the “Liquid” physics continuum, the following 
material properties need to be changed: 
• Density = 1050 
𝐾𝑔
𝑚3
⁄  
• Dynamic Viscosity = 0.004Pa-s 
✓ Change each of the inlet and outlet boundaries to the desired boundary type 
▪ This research used the following: 
• Mass flow inlets 
• Flow-split outlets 
✓ Set boundary conditions to desired values for mass flow rates and flow-split 
ratio or percentage 
▪ For the pulsatile mass flow, create a table for mass flow rates 
and flow-split percentages 
✓ For this research, a data for the mass flow rate was generated every 0.04 
seconds based on the linear interpolation between each of the minimum and 
maximum values 
▪ The data must be given headings of “Time” and “massflow” 
(do not capitalize the headings) 
▪ This was done through two complete cycles 
92 
 
 
 
✓ Copy only this table into a separate Excel document and save as a “.csv” 
file 
✓ In the CFD interface, in the “Too” folder, select the following: 
▪ Right-click “Table” 
▪ Under “New Table”, select “File Table” 
▪ Select the “.csv” file that you just created 
✓ Under the mass flow inlet boundary, select the following: 
▪ “Physics Values”- “Mass Flow Rate” 
▪ Change the “Method to “Table (time)” 
▪ Select the file name given to the “.csv” file for “Table” 
▪ For “Table: Data”, select “mass flow” 
▪ Be sure that “time” is selected under “Table: Time” 
✓ Set the Stopping Criteria to match the time domain of the pulsatile 
waveform  
▪ For this research, the “Maximum Inner Iteration’ was set to 
be 20 
▪ “The Maximum Physical Time” should correspond to the 
maximum time of the time domain of the tabular mass flow 
waveform put into the “.csv” file 
✓ This macro is designed to create the necessary field sum monitors and field 
functions for calculating Oscillating Shear Index (OSI), Time Averaged 
Wall Shear Stress (TAWSS), and Relative Residence Time (RRT) in a 
stent-graft analysis simulation. The goal of this macro (or any macro for 
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that matter) is to completely automate the process, which decreases setup 
time and decreases chances of user error.  
Field Sum Monitor Creation 
The function of a field sum monitor is to record samples of a field function 
throughout the run of a transient simulation. Each sample is added to the previous 
so that a cumulative sum of that field function over time is created. A field sum 
monitor is created for each of the following four field functions: Wall Shear Stress 
Magnitude, Wall Shear Stress 𝑖̂, Wall Shear Stress 𝑗̂, and Wall Shear Stress ?̂?. This 
is required by the governing equations of OSI, TAWSS, and RRT (see below). The 
basic premise is to be able to compare the average wall shear stress magnitude 
irrespective of flow direction with the average wall shear stress with respect to flow 
direction. The Wall Shear Stress Magnitude monitor functions to record the average 
wall shear stress and does not account for direction since magnitude is directionless. 
The other three monitors record the Wall Shear Stress in all three axes, and do take 
direction into account. These three monitors will add a positive or negative value 
to the sum depending on the actual direction of that vector component at the time 
of the sample. 
These monitors are set to sample at every 0.01 seconds of physical time by 
default, and will sample until the Maximum Physical Time Stopping Criteria is 
reached. The macro will read the Maximum Physical Time Stopping Criteria and 
set the monitors to stop at the same physical time. This value also determines the 
number of samples that are taken, which is a necessary value for the TAWSS field 
function.  
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Analysis of Regions and Boundaries 
The macro automatically identifies walls boundaries so that only these wall 
boundaries are added as parts to the field sum monitors. All regions that are added 
to the input parts are displayed in the output window. This process will work for 
simulations with a single region, or multiple regions. The macro will analyze all 
the boundaries within each region and add it to the input parts for the field sum 
monitors.  
Field Function Creation 
This section of the macro creates the field functions for OSI, TAWSS, and 
RRT using the data from the four Wall Shear Stress Field Sum Monitors. The 
TAWSS field function will automatically include the correct number of samples in 
the denominator based on the Maximum Physical Time Stopping Criteria and the 
delta Time variable. The names of the field sum monitors are hard-coded into the 
equations for each field function because the names are set by the macro when they 
are created. 
All four of the monitors are used in the Oscillating Shear Index equation. The 
standard equation and the field function equation are both given: 
𝑂𝑆𝐼 =
1
2
(1 −
|∫ 𝑊𝑆𝑆 𝑑𝑡
𝑇
0
|
∫ |𝑊𝑆𝑆| 𝑑𝑡
𝑇
0
) 
𝑂𝑆𝐼
=
1
2
(1
−
𝑚𝑎𝑔([${𝑆𝑢𝑚𝑊𝑆𝑆𝑥𝑀𝑜𝑛𝑖𝑡𝑜𝑟}, ${𝑆𝑢𝑚𝑊𝑆𝑆𝑦𝑀𝑜𝑛𝑖𝑡𝑜𝑟}, ${𝑆𝑢𝑚𝑊𝑆𝑆𝑧𝑀𝑜𝑛𝑖𝑡𝑜𝑟}]
${𝑆𝑢𝑚𝑊𝑆𝑆𝑚𝑎𝑔𝑀𝑜𝑛𝑖𝑡𝑜𝑟}
) 
TAWSS is simply an average of the wall shear stress magnitude. Here are the 
equations used for the TAWSS calculation: 
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𝑇𝐴𝑊𝑆𝑆 =
1
𝑇
∫ |𝑊𝑆𝑆| 𝑑𝑡
𝑇
0
 
𝑇𝐴𝑊𝑆𝑆 =
${𝑆𝑢𝑚𝑊𝑆𝑆𝑚𝑎𝑔𝑀𝑜𝑛𝑖𝑡𝑜𝑟}
𝑛𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 
𝑛𝑠𝑎𝑚𝑝𝑙𝑒𝑠 = (𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑇𝑖𝑚𝑒 𝑆𝑡𝑜𝑝𝑝𝑖𝑛𝑔 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎)/𝑑𝑒𝑙𝑡𝑎𝑇𝑖𝑚𝑒 
The field function equation for RRT uses both the OSI and TAWSS field functions: 
𝑅𝑅𝑇 =
1
(1 − 2 ∗ ${𝑂𝑆𝐼}) ∗ ${𝑇𝐴𝑊𝑆𝑆}
 
Prerequisite to Run the Macros 
Following these prerequisites will ensure the macro performs correctly and 
minimizes errors. 
• Verify that all Regions and Boundaries are setup completely. The macro 
will determine which boundaries to include as input parts for the field sum 
monitors. All walls will be added to the list of input parts. 
• Verify that all physics continua and stopping criteria have parameters set 
and are ready to run. This is important because the macro will retrieve the 
Maximum Physical Time Stopping Criteria value to use as the Stop Time 
for the field sum monitors. 
• Save the simulation prior to running this macro to prevent loss of data if an 
error occurs. 
How to Run the Macros 
Once the user ensures all prerequisites are met, they may proceed to run the 
macro. This is accomplished like any other macro: 
• Open the simulation you wish to process in STAR-CCM+ 
• In the STAR-CCM+ window, navigate to File > Macro > Play Macro… 
• Find the “SumWSS_monitors.java” file, select it, and click Open 
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• The macro will begin working and displaying messages on its progress in 
the Output Window 
Methods of Editing Java Files 
Several methods exist to edit Java files. The simplest is to use a text editor 
such as Notepad. For more in-depth editing, it would be preferable to import this 
file into a Java IDE such as NetBeans. Information on the import process is already 
clearly outlined in the STAR-CCM+ User Guide under the section User Guide > 
User Guide > Running > Scripting the Application > Debugging a Macro Using an 
IDE. More useful information on creating macros and debugging is available in the 
other sections of Scripting the Application. 
Changing the Start, Stop, and Delta Time Settings 
If the user wishes to change the sampling Start Time, Stop Time, or Delta 
Time, the corresponding variables are named start Time, stop Time, and delta Time, 
respectively. The variables are all located close to line 100 in the code. 
The Threshold Macro 
In STAR CCM+ uses the surface integral function to compute the threshold 
values. This threshold macro finds the threshold data based on the areas greater 
than or less than the threshold values set. The field functions in the threshold 
computes the total surface area, then use the threshold path to compute the threshold 
area. The next step is to select the boundary you need to evaluate in the threshold 
macro. The threshold takes the values of the area greater than or less than a set 
values and divide it over the total area to set the percentage threshold of the 
boundary of any parameter you want to assess. 
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